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Abstract 
Cell separation is an important component of modern medicine, with both clinical and research 
applications. Clinically, it is often desirable to isolate cell subpopulations providing focused 
treatment; on the research side, cell isolation is necessary for studies underpinning many 
discoveries in cell biology, further enabling research in areas such as regenerative medicine and 
cancer therapy. Cell separation requirements include high throughput, purity and recovery.  
Three cell separators dominate: fluorescence and magnetic-activated cell sorting and density-
gradient centrifugation. Despite gold-standard establishing performances, they can be improved in 
affordability, throughput, and label-free cell separation implementation. A technology with 
potential to offer the next rotation of gold-standard cell separators is Dielectrophoresis, DEP.  
Two DEP cell separators are presented. The first, the Syringe Separator (SS), uses 3D-electrodes 
on a low-cost, disposable chip and a DEP field perpendicular to fluid flow; one cell type is passed 
through whilst the other is retained and subsequently recovered. Two-pass protocols achieved a 
96.4% recovery at over 200,000 cells/second with <7% loss. Additionally, a three-step protocol 
removed 99.1% of RBCs spiked with cancer cells (100:1). Other SS implementations include 
hitherto unachieved separation of high and low quality nanowires and T-cell isolation. 
The second employs a novel electrode geometry termed the Canyon. Using a novel electrode 
fabrication method (Plotter-Canyon printing), Canyons were built of alternating layers of metal and 
non-metal. Cellular solutions flow through the Canyon directed to one of two outlets, one for each 
of the negative or positive DEP cell subpopulations. The Canyon cell separator achieved an 84% 
recovery and 10% loss at ~2,000 cells/second. 
We have demonstrated that DEP cell separators can be built to perform cell separations with high 
purity, rivalling established separators, at significantly higher throughput and recovery. The SS and 
Canyons are cheap, easy-to-operate and offer a stepwise improvement in conventional cell 
separation capabilities. 
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Chapter 1  Introduction 
1.1 On cell separation 
Cell separation is a rapidly growing field becoming increasingly relevant to more scientific fields 
such as biochemistry, electrical engineering, physics and material sciences. Cell separation can be 
used for the isolation of cells for diagnostics, therapeutic uses and regenerative therapies to name 
but a few applications [1]. Cell separation requirements include rapidly achieving large numbers of 
the desired cell subpopulation in highly pure solutions and doing so in a cheap and cell-gentle 
fashion. 
Many cell separation techniques exist and currently three methods dominate. The first two are 
labelled procedures in which a recognisable tag attaches to the target cell subpopulation, allowing 
identification and separation. Labels allow cell separation to occur with high specificity however 
they are costly, require time and training to use and are intrusive, remain attached to the cells post 
separation. Fluorescent-activated cell sorting (FACS) is the first labelled cell separation method, 
incorporating fluorescence as the tag parameter and a laser based optics system as the interrogating 
agent. FACS machines are large, expensive and running cost-hungry kits that can achieve cell 
separation at high levels of purity, albeit with sizable cell loss and low throughput. FACS also 
provides rich data sets on processed cells and is capable of conducting separation based on multiple 
criteria. Alternatively when one separation criteria is sufficient, Magnetic-activated cell sorting 
(MACS) can be used with similar performance values. MACS is the second labelled method, 
incorporating magnetism as the tag parameter and a magnet as the force for separation.  
The third of the three pillar cell separation techniques is a label-free method, density-centrifugation. 
Differences in cell density allow cell subpopulations to gather within specific bands upon being 
subjected to a centrifugal force. This system is no exception to the other two in terms of size and 
initial cost, however it is far simpler and cheaper to operate but achieves an appreciably lower 
purity and cannot separate as many cell combinations as the labelled techniques. Centrifugation is 
often used as an initial preparatory cell separation step prior to FACS or MACS in an effort to 
combine the advantages of the various systems. There is a great deal of research invested in 
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continually improving the three separators in addition to developing new separation techniques 
with competitive performance parameters. One such competitor is Dielectrophoresis. 
Dielectrophoresis (DEP), is a phenomena much researched as a cell separation technique. It uses 
intrinsic characteristics of the cell in order to manipulate its motion. As such it is able to selectively 
move cell subpopulation out of a mixture. DEP has shown widespread applicability from cell 
enrichment to monitoring and even predicting cell fate [2][3]. It is the opinion of this work that it 
has not yet been established as one of the pillars of cell separation processes due to a combination 
of three factors: (a) Established practises in industry can be difficult/hesitant to update their 
facilities because of heavy investment in older techniques that perform their tasks in a satisfactory 
manner albeit with incurred but familiar losses (low throughput, high cell losses, high costs, time 
consuming procedures), (b) DEP has produced countless papers establishing its capability and wide 
applicability but is a relatively new field, lacking marketing, and (c) to some extent, DEP has 
traditionally had lower throughputs than established practises. The persistent rise of high impact 
DEP research papers and commercialised DEP-based cell sorters, can be taken as a testament of 
the increasing interest and important role DEP can play in the next generation of cell sorters. 
1.2 Research questions 
With the current cell separation performances and challenges outlined, the research questions 
become as follows: 
Given the need for improvement in conventional cell separators such as the low throughput, need 
for labelling, high cells losses, high overhead and running costs in addition to requiring specialist 
training, is DEP a suitable candidate to fulfil the need? 
Can a DEP cell separator be built to overcome the traditional DEP performance challenge of low 
throughput? 
Will the DEP device match or exceed the attractive performance values of conventional cell sorters 
such as high purity and specificity? 
This work aims to build a new label-free cell sorting device that is capable of sorting over 1M 
cells/ml at rates of 1ml/min (an order of magnitude higher than FACS) with purity and efficiency 
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of over 95% and cell losses under 10%. Additionally the device will be easy to use, portable and 
cheap. 
1.3 Structure of this thesis 
Chapter 2, “Literature Review”: Existing separation techniques are detailed, in particular FACS, 
MACS and density centrifugation are described as well as their respective advantages and 
disadvantages. DEP Theory, electrode geometry and applications is explored as a possible 
technique for overcoming some of the challenges of conventional separation techniques and 
achieving the objectives outlined in the Introduction chapter. 
Chapter 3, “3D Separators I: Field Orthogonal to Flow”: The Syringe Separator (SS) is introduced. 
A solution of cells was passed through the device with targeted cells becoming captured by the 
device while other subpopulations pass through thus achieving cell separation. This chapter details 
the SS hypothesis, device construction method, sample preparation and experiments carried out 
testing the device against various cell subpopulations to find both optimal separation conditions as 
well as the upper limits of the device. The subpopulations included live and dead yeast, human and 
vole Fibroblasts and RBCs as well as 1:100 ratio rare cancer cells and RBCs. The results are 
presented and discussed in the context of the wider implication of the SS device.  
Chapter 4, “3D Separators II: Field Parallel to Flow”: The Plotter-Canyon and Chip-Canyon are 
introduced. A solution of cells was passed through the device which by virtue of the DEP field led 
the positive and negative DEP subpopulations to one of two respective outlets, thus achieving a 
continuous-flow separation. This chapter details the devices and optimises the construction method. 
Sample preparation methods are provided as well as a description of the experiments alongside 
their results and a discussion thereof. 
Chapter 5, “Syringe Separator Applications”: Two applications of the SS are detailed in this chapter 
in terms of the experimental procedures, the results and the discussion thereof. The applications 
covered are (a) the separation of high quality nanowires from a mixture of high and low quality 
nanowires and (b) the isolation of CD3+ T lymphocyte cells from WBCs for CAR-T therapy. 
Chapter 6, “Conclusion”: This chapter discusses the devices and their performance in the wider 
context of the field of cell separation. Limitations of the work are described and devices are 
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evaluated against the objectives laid out in the introduction. Most relevant future work is also 
suggested.  
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Chapter 2  Literature review 
2.1 Cell sorting techniques 
Cell separation is a powerful tool used in many areas of biological and biomedical research and 
therapy. In terms of research, the study of individual cell subpopulations has allowed for a rich 
understanding of cell function and its ramifications on a more macroscopic level. In terms of 
clinical usage, the separation of leukocytes or enrichment of haematopoietic stem cells is common 
practise [4][5]. The enumeration of a patient’s blood cells can help identify procedures to strengthen 
the immune system as in the case of multiple sclerosis [6]. The separation of cancer patient specific 
T-cells can help develop tailored treatments that could be considerably more effective and less 
arduous on the patient. Currently, most cell separations are limited to tissues such as bone marrow 
and blood. Recent advances however have enabled the use of cells derived from adipose and 
intestine [7][8]. The use of ever improving cell separation techniques has the potential to greatly 
improve the quality of medical care and influence the outcome. The potential offered by highly 
selective separation procedures has thus attracted increasing usage in diverse fields, not necessarily 
exclusive to biology [1].  
At present, three cell sorting techniques are most commonly used. The first two are FACS and 
MACS which take advantage of cells unique surface markers to tag subpopulations of cells with a 
corresponding label. Separation is then achieved based on cell identification either fluorescent or 
magnetic and further downstream processing. The third and perhaps most widely used is separation 
by centrifugation. This is a label-free method which capitalises on the density gradients of cells to 
achieve separation. All three methods as well as other developed cell separation technologies are 
discussed under this heading in two sub-section. Section 2.1.1 covers cell separation methods that 
use labels, and section 2.1.2 covers label-free cell separation methods while section 2.1.3 covers 
other unlabelled cell sorting techniques. 
2.1.1 Labelled cell-sorting 
Immunolabeling is a biochemical process in which a particular cell subpopulation is detected by its 
surface markers or antigens (typically via an antibody aka label) [9]. There are two steps for 
producing these labels. The first is producing the antibody that attaches to the cells’ antigen and 
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the second is affixing a tag to the antibody in order to allow later identification. These tags can be 
a fluorescent compound (in the case of FACS), a magnetic bead (in the case of MACS), or other 
units which might manifest themselves during investigations. 
The antibody-antigen interaction can be compared to that of two puzzle pieces, the antibody has an 
interrogating cavity, while antigens have specific protruding expressions. Antibodies examine each 
antigen looking for a perfect fit. When it is found, the antibody attaches itself to the antigen. In 
terms of immunolabeling, antigen specific antibodies are prepared such that they bind to antigens 
specific to desired cell subpopulations. The antibodies are also affixed with a tag before being 
introduced to the heterogeneous population. The antigen identifies the cell subpopulation, the 
antibody identifies the antigen, the tag identifies the antibody, and labelled cell sorting devices 
identify the tag thus allowing identification and subsequent separation.       
There are two methods of immunolabeling, the first uses an antibody affixed with the tag (the direct 
method) while the second involves an antigen specific primary antibody attached to a secondary 
antibody which has the tag affixed to it (the indirect method). The indirect method allows the mass 
production of tags onto secondary antibodies which can be attached to the primary according to the 
user’s specific needs thus circumventing the need to supply tagged antibodies specific to every 
known antigen. A second advantage is provided by the fact that multiple secondary antibodies can 
be attached to a primary antibody, increasing the ratio of tags to primary antibody resulting in an 
increased identification signal upon processing. A disadvantage of immunolabeling in general, and 
more strongly felt in the indirect method, is the possibility of cross-reaction, or the likelihood of 
the antibodies binding to the incorrect antigen during labelling [10].  
Although labels require prior information on the desired cells’ antigens, are very expensive and 
limited with regards to the variety of expressions within each tag type, they are strong tools for 
differentiating between cell subpopulations due to the uniqueness of the cellular antigen 
expressions. The identification of cells has allowed for both data collection and analysis, such as in 
the case of disease diagnosis [11] and cellular separation processes and clinical research [12]. The 
FACS and MACS technologies, two of the most widely used for cell sorting, use labels to identify 
cell subpopulations within a cellular solution and are discussed in more detail below. 
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2.1.1.1 Fluorescence-activated cell sorting (FACS) 
FACS is a technique in which a beam of light collects data on cells suspended in solution, allowing 
both data analysis and cell sorting. The properties measured include the cell’s relative size, 
granularity and relative fluorescence emission intensity. Work in this field started in the 1950’s 
leading to the coining of the term FACS by Len Herzenberg [13] in 1972 who was awarded the 
Kyoto prize for his influential work. 
Figure 1 shows a simplified diagram of a typical FACS process. 
 
Figure 1 Simplified diagram of a typical FACS system 
The FACS is composed of three systems. The first is a fluidics system, which delivers cells within 
a stream to an “interrogation point”. Cells are hydro-dynamically focused into single cell droplets 
allowing the laser to interrogate each cell individually. The second is an optics system which 
consists of lasers to illuminate the cells, optical filters and mirrors to direct the scattered light and 
light detectors to collect data on the scattered light. The third is an electronics system which 
converts the detected light signals into electronic signals for analysis and is also responsible for 
generating the actions which allow cell sorting via a variety of available mechanisms depending on 
the FACS model. Individual FACS machines vary somewhat with regards to such things as the 
number of lasers, detector positioning, cell focusing and cell sorting however all adhere to the same 
principles.  
Literature review   Cell sorting techniques 
24 
Labels and Cell Type Identification 
Ideally, FACS technology requires labelling of each subpopulation within the sample prior to 
FACS separation. The basic principle of FACS uses the fluorescent emission intensity of each cell 
to determine whether the cell is labelled, the type of label and therefore the type of cell. Labels are 
antigen or other surface cell marker-specific (stherefore cell type specific) and are affixed with a 
range of fluorescent tags. When a light is shone, fluorescent tags absorb the light energy, which is 
quickly released as a photon of light termed fluorescence. The range of energy each tag can absorb 
and therefore emit is called its absorption spectrum and is specific to each tag. Cells with no labels 
and therefore no tags will still emit fluorescence but with much lower intensity. FACS records the 
fluorescence emission intensity data of each cell, which alongside other information allows cellular 
identification. 
Data Analysis 
When the laser is shone on a cell, light is both scattered and absorbed to be quickly emitted as 
fluorescence. Detectors are placed behind and to the side of the interrogation point (blue and green 
detectors respectively in Figure 1) in order to collect the scattered light and fluorescence. A system 
of mirrors are used to deflect the light towards the detectors. Fluorescence is measured using by 
placing an optical filter in front of a detector which will only allow a narrow range of wavelengths 
to reach the detector thus rendering the detector selective to particular tags. Thus three items of 
information are gathered, forward scattered light (FSC), side scattered light (SSC) and fluorescence 
emission intensity, all of which is translated by the electronic system into user accessible, 
histograms, 2-D or 3-D dot plots.  
FSC is proportional to cell size and SSC is proportional to cell granularity. The relative values of 
FSC and SSC can help differentiate different cell types within a heterogeneous subpopulation 
especially in conjunction with the fluorescence emission intensity. Data can also be gated. Gating 
involves drawing a boundary on a specific region of a plot. Any cells that are recorded in this region 
can be tracked on subsequent plots. Additionally gating can select the range of data sets within 
which if a cell falls, it is to be sorted or separated; for example if cells exhibit fluorescence emission 
intensities of a specific wavelength and above a certain threshold (thus identifying a tag) the FACS 
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can be assigned to separating that particular cell into a specific receptacle thus separating out that 
cell type  
Cell Sorting 
FACS identifies the presence and type of tag and provides the data to the user. The user can then 
assign required gates, thereby defining plot regions that defined a target cell for separation. These 
regions are loaded into the software. Analysis of subsequent gated cells triggers the cell sorting 
mechanisms. FACS models can vary with regards to their sorting techniques. The BD FACS 
Calibur uses a “catcher” tube placed downstream of the interrogation point which physically moves 
into the stream to intercept and capture the cell. The BD FACS Vantage, such as in Figure 1, 
vibrates the stream creating individual cell droplets. A charge is applied to the drop which then 
passes via positive and negative charged plates used to deflect the droplet to the assigned collection 
tube. 
Pros and Cons of FACS 
FACS is also a well understood and documented procedure as a result of the decades of research 
addressed at improving the system. FACS has contributed significantly to the fields of 
haematopoiesis, stem cell biology, oncology and understanding of diseases to name a few [14][11]. 
The main advantage of FACS is the ability to individually characterise antigen expression resulting 
in high affinity and specificity. 
There are a set of characteristics which were good measures in context of the available technology 
at the time but need to be improved upon such as its slow processing speed of about 107 cells/hr, 
(not including the sample preparation time, start-up and shutdown time which take several hours) 
and the sensitivity of 1 in 1000 cells which makes rare cell capture challenging [15].  
Drawbacks are the expensive equipment and running costs including sample staining procedures. 
There is also significant associated cell losses, typically at 50% as a result of multiple cells per 
droplet (which would result in abortion) and cell damage due to system shear stresses [16] [17]. 
Furthermore, the total number of antigens you can test for at a time are limited, the total available 
fluorochromes are currently thought to be about 17 [18] and of course FACS cannot recognise cells 
until their antigen and respective antibody labels have been documented and manufactured. FACS 
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employs an intricate set of components and moving parts to make the separation possible, and thus 
is expensive, requires training to operate and regular maintenance. 
2.1.1.2 Magnetic-activated cell sorting (MACS) 
MACS is a separation technique which labels a cell subpopulation with magnetic tags in order to 
remove them from a sample stream by exposure to a magnetic field. Although there are many 
MACS systems being researched, MACS was originally invented by Miltenyi Biotec in the 1990s 
and has been commercialised offering the gold standard of MACS Technology. Figure 2 shows a 
diagram of a typical MACS system. 
 
Figure 2 (A) A heterogeneous sample passed through the MACS separating column, untagged cells 
exit (B) the column is removed from the magnetic field, trapped tagged cells are released 
A heterogeneous sample of cells, after the labelling phase, is passed through a column filled with 
steel wool as shown in Figure 2 A. Strong magnets are placed on either side of the column creating 
a uniform magnetic field within the column. Cells that are labelled will be attached to a magnetic 
tag which will be attracted to the magnetic field created within the column and remain therein. 
Unlabelled cells will feel no such attractive force and will pass through the column where they can 
be collected. Once the entire sample has passed through, the column is removed from the magnetic 
field and untagged cells, now no longer under the influence of an attractive force, are released and 
can be collected as shown in Figure 2 B. 
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Types of MACS Separations 
There are two types of MACS separations. The first is termed positive selection: Cells of interest 
are labelled and retained within the column, once the waste cells have passed through, the column 
is removed from the magnets, thereby removing the magnetic field, and the column can be washed 
to retrieve the cells of interest. As the desired cells are no longer under the influence of an attractive 
magnetic force they are readily released into the wash stream, thus achieving separation. 
Advantages of this type of separation include a high purity due to the specificity of the reaction and 
a population of unlabelled waste cells which could be used for clinical procedures that require an 
unlabelled population or further processing either by MACS or other techniques such as FACS. 
MACS can be an excellent tool for reducing FACS separation time, in some instances reducing the 
separation process from 10 hours to just under 1 [19]. The disadvantage is that the desired cells 
now carry a label and tag which may not be suitable for all applications. 
The second type of MACS separation is termed negative selection: Desired cells are not labelled 
instead all undesired waste cells are labelled. Thus when the solution is passed through the column 
and exposed to the magnetic field, the desired cells pass through unaffected, while the waste cells 
are retained within the column under the influence of the attractive magnetic force. The waste cells 
can be recovered by removing the column from the magnets, therefore removing the magnetic field 
and washing the column. The main advantage of this technique is that the desired cells are separated 
and not labelled. This can be especially important in application such as assisted reproductive 
therapy and the enrichment of high quality sperm [20]. The main disadvantage of this technique is 
that it may not always be possible. Miltenyi Biotec is almost the sole provider of magnetic labels. 
Negative selection would be contingent on their stock of the corresponding negative selection 
concoction of labels required and specific to each separation application. 
Magnetic Tags 
The labels used in MACS employ tags of magnetic beads. Over the last decades, much research 
has been done in the ideal magnetic beads [21]. The beads can be broadly divided into two groups: 
Micro-beads range from 0.5 to 5μm in diameter while nanobeads range from 20 to 100nm [22]. An 
advantage provided by the micro-beads is their relatively shorter antibody binding time making 
them easier to use. Due to their larger size they are also susceptible to larger magnetic forces making 
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them easier to separate out of solution using a simple magnet. A disadvantage of microbeads is 
their polyvalent binding, which can result in their endocytosis [23] . Furthermore the micro-beads 
also alter the optical properties of the cells which may be undesirable if further FACS analysis is 
required [24] . The stronger magnetic force can also cause cells to aggregate creating traps and 
adding non-specificity to the separation procedure.  
The smaller nano-beads overcome the aforementioned disadvantages, offering no optical intrusion 
and faster binding times. Their disadvantage is the smaller resulting magnetic moment which leads 
to longer processing times. This disadvantage was overcome by packing the separating column 
with magnetic material creating a high gradient magnetic field  (HGMF) [25]. In the case of 
Miltenyi MACS, the column is packed with ferromagnetic steel wool serving to strengthen the 
magnetic field providing a uniform field strong enough to attract even the slightly magnetic cells 
without interfering with cell viability or proliferation. Additionally, superparamagnetic beads are 
used as tags. These are beads in the order of 1-50nm, exhibit a large magnetic moment and quickly 
release all residual magnetism upon removal from a magnetic field making them an ideally fit for 
purpose. 
Pros and Cons of MACS 
Since MACS and FACS are the two most commonly used labelled cell separation methods it would 
make sense to compare their performance against each other. A major advantage of MACS is the 
simplicity of the procedure, especially when compared to FACS. Current MACS platforms can 
provide high cell purities >95% (subject to the separation in question) at throughputs of about 1010 
cells/hr (excluding preparation time) and cost about 10 times less than FACS to purchase [15]. 
MACS is still very expensive to purchase and to run especially in terms of the magnetic beads and 
replaceable columns. MACS offers fast cell separation and can save a great deal of time when used 
in conjunction with FACS. Because the separating force of MACS works at a distance, it can be 
easily integrated with other separation methods. MACS is much simpler to use however this is 
evaluated against the relative lack of information that it provides i.e. no software generated data.  
The simplicity that makes MACS attractive also means that it is less flexible and has less to offer. 
MACS is a passive sorter in that it does not require the user to assign a sorting gate in order to 
separate cells and does so based on the presence of a label or the lack thereof. Although this saves 
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time and removes the need for user expertise it also means that the user cannot tune for cell 
separation based on relative expressions of certain characteristics i.e. it cannot separate cells that 
exhibit magnetic attraction between a certain range of strengths whereas the FACS can separate for 
cells that exhibit fluorescence emissions between pre-defined ranges or indeed cells of a range of 
sizes. Furthermore MACS can only target one cell at a time while FACS can simultaneously 
separate several cell types. Disadvantages shared by both MACS and FACS are those of label usage 
previously covered. 
Magnetic labelling of sensitive cell populations is known to negatively impact viability, cell 
function and phenotypic identity, such as in the case of stem and progenitor cells [26][27]. 
Furthermore, successfully releasing the magnetic tags from separated cells is still a challenge [28]. 
Cell losses are also very high, typically at 30% [29]. 
2.1.2 Label-free cell sorting 
2.1.2.1 Density gradient centrifugation 
Density gradient centrifugation cell separation is one of three most common methods of cell 
separation alongside FACS and MACS. Of the three methods it is also the simplest. Density 
gradient centrifugation achieves particle separation by applying a downward centrifugal force on a 
sample of particles within a density gradient liquid and capitalising on either their sedimentation 
(cells movement towards the bottom of the tube) rates or density differences in order to achieve 
distinct bands of separated cells. Figure 3 shows samples of heterogeneous three component cells 
before and after centrifugation by the two kinds of density gradient centrifugation methods. 
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Figure 3 (A) Rate-zonal centrifugation of a three differently sized cells. (B) Isopycnic centrifugation of 
three cells of different densities: solid black circles most dense and thin hollow black circles least dense 
Types of Density Gradient Centrifugation 
There are two sub types of density gradient centrifugation: isopycnic and rate-zonal centrifugation. 
Figure 3 A shows sample preparation of the rate-zonal method, wherein a sample of heterogeneous 
cells is layered atop a density gradient liquid. A density gradient liquid serves to stabilise the bands 
of separated cells and provide a medium of increasing density and viscosity lower into the tube. 
The tube is placed into a centrifuge which applies a centrifugal force to the cells. Cells of larger 
size and mass move towards sedimentation faster than those of smaller size and mass as cells of 
similar size band together forming distinct and separated bands of cells as can be seen by the end 
product of Figure 3 A. If centrifuged for long enough, all cells will eventually form a single pellet 
at the bottom. Rate-zonal separation capitalises on particle size, despite similar densities, to achieve 
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separation therefore it is best suited for the separation of such particles as cellular organelles, 
proteins or antibodies [14]. 
Figure 3 B shows preparation of the isopycnic centrifugation sample, wherein a uniform mixture 
of the heterogeneous cell sample and density gradient liquid is prepared. This technique achieves 
separation based on cell density rather than cell size. Cells sediment until they reach a point of the 
density gradient media that has a similar density as the cell (aka the isopycnic point). Thus cells of 
different densities form distinct separated bands as shown in the end product of Figure 3 B. Cells 
in this separation technique will never form a single sedimented pellet no matter how long the 
centrifugation time and will form distinct bands of cells provided that the density of the gradient is 
higher than those of the cells.  
In both cases, the sedimentation rate of cells in a suspension is directly proportional to the 
centrifugal force applied and inversely proportional to the viscosity of the medium and dependent 
on particle size and relative densities of the particles and medium [14]. 
Density Gradient Media 
The ideal media is non-toxic, cheap, easily separated from cells, autoclavable, pH adjustable to 
provide a hospitable environment to cells and particles being separated when needed, sufficiently 
soluble to produce the required range of densities and exhibits a property that can be used as a 
measure of concentration. No single compound can satisfy all the requirements therefore there are 
a wide range of gradient media is available for different applications [30]. 
Density gradient media can be divided into two sub-types: continuous and discontinuous. 
Continuous gradient media are characterised by a smoothly increasing density from top to bottom, 
whereas discontinuous gradient media have sharp interfaces defined by increasing bands of density 
from top to bottom. Discontinuous gradients are widely used for the separation of blood cell 
samples to achieve clearer separation bands. Continuous gradients offer greater resolution and are 
used in instances where a better separation would be achieved as a result of the increased likelihood 
of cells finding their exact isopycnic point. Continuous gradients can also be made to span a smaller 
range of densities allowing for fine tuning that could help separate cells with close densities.   
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Pros and Cons 
The centrifugation separation process is technically simple requiring minimal training to perform, 
it is easily scalable and obtains high yields. It is arguably the most commonly used separation 
technique especially with blood, often serving as a preparatory step prior to other separation 
methods. However the device is costly, achieves limited purity and low throughput. Additionally 
this technique would not be applicable to cells of similar density and size such as many stem cell 
applications [31]. 
2.1.3 Other cell sorting techniques 
2.1.3.1 Field Flow Fractionation (FFF) 
FFF refers to a body of separation techniques where an external field (flow, electric, gravitational, 
centrifugal etc...) is exerted perpendicularly to sample flow in a long and narrow channel. This 
takes advantage of the dissimilarities of the analytes physical and/or biophysical properties, to drive 
the analytes into different velocity regions. FFF was invented by J. Calvin Giddings in 1966 and 
first reported with experiments involving polystyrene beads, viruses and proteins as proof of 
principle [32]. Figure 4 shows the general structure of the technique. 
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Figure 4 General Field Flow Fractionation separation format 
In parabolic flow, the flow velocity increases from minimum to a maximum as one moves from the 
channel walls to the channel centre. Particle separation is borne of the differences in particle 
mobility based on particle properties. Each particle is subject to the external force which drives it 
towards the bottom boundary and a diffusion force which lifts it up. The effect of the net force 
results in distributions of sample components which can be expressed by a mean thickness [33]. 
Narrow channel widths allow the particles to reach equilibrium faster while longer channels allow 
the particles to simultaneously settle in different bands relative to one another thus achieving 
separation. With knowledge of the dimensions and forces, the retention of each particle can be 
predicted and used to optimise the separation [34]. 
Types of FFF 
FFF requires an external force field to enforce the separation. Due to the broadness of the definition 
there have been numerous sub techniques of FFF. Some of the more prominent and commercialised 
ones are listed.  
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Thermal FFF establishes the separation force by applying a temperature gradient, the top wall of 
the channel is heated while the bottom is cooled. Particles are driven towards the cold wall via 
thermal diffusion. Particles separate into different bands and speeds based both on molar mass and 
chemical composition making thermal FFF uniquely suited to separating synthetic, natural and 
biological polymer fractions especially of the same molecular weight [35]. The chamber is often 
pressurised in order to increase the boiling point of the carrier liquid. Some of the disadvantages 
include the possible flocculation of the system, a long analysis time, a big volume of sample and 
high power consumption [34]. 
Flow FFF is the most versatile of the FFF sub techniques because of the non-specific, 
hydrodynamic field across the channel. Flow FFF establishes a separation force by introducing a 
perpendicular cross flow pumped through the main channel through a porous opening at the top of 
the channel and exiting via a semi-permeable membrane at the bottom. The pores of the membrane 
are too small to allow particulates to pass through but allow the liquid solvent to exit easily. Smaller 
particles, with stronger diffusion are located higher in the channel in high velocity lines and elute 
first. Bigger particles with a lower diffusion coefficient occupy lower velocity lines and elute later. 
There are different types of membranes with various molecular mass cut-off points however proper 
selection is still a challenge due to possible solute interactions and membrane induced non-
uniformity in the channel thickness [36].  Flow FFF separation is based on particle size sensitive 
in the regions of 1nm to 1µm [33]making it the most useful of the FFF for the separation of macro-
particles. A variant of flow is Asymmetric Flow FFF which uses only one semi permeable 
membrane on the bottom of the channel, the separating force is exerted by a proportion of the 
original channel liquid exiting via the bottom of the channel [37]. This system is less complex than 
conventional fluid FFF and is one of the more favoured sub-techniques.   
FFF’s versatility also lends itself easily to detection and analysis devices such as in the invention 
of online coupling of FFF with light scattering allowing in situ molecular characterisation [38]. 
Presently, the flexibility of FFF techniques allow their characterisation and separation application 
to a wide range of scientific domains, such as blood analysis [39], genomics [40], bacteria[41], cell 
separation [42], and assessments of colloids in fresh and seawater [43].  
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Pros and Cons 
FFF is a very flexible system readily adaptable to new external forces and integrated detectors for 
further data analysis. It has a large flexibility in terms of the different solvents and sample materials 
it can process. Furthermore the separation offers no shear stress which might damage particles. The 
channels can be readily removed and switched for new ones decreasing chances of contamination. 
There are many commercially available devices, all of which can be operated using one software 
that allows for system control, data acquisition and evaluation. A disadvantage is presented by the 
relatively large volumes required to perform a separation, which may not be applicable to clinically 
provided small samples as dilution may exceed device sensitivity, however downscaling of the 
device is being investigated showing promising results to overcome this problem [44]. A 
disadvantage of FFF cell separation is its low throughput, in the range of 106 cells/hr [45]. Lastly 
the available products are very expensive and require user expertise. 
2.1.3.2 Biomimetic 
True to its name Biomimetic separation techniques mimic hemodynamic phenomena such as 
plasma skimming, leukocyte margination and the Zweifach-Fung effect/Bifurication Law to 
fractionate blood. 
 
Figure 5 a) Leukocyte migration isolates Leukocytes [46] b) Bifurication law separates Plasma from 
blood [47] 
Within microvasculature, RBCs tend to be centerophilic while WBCs are marginalized to a plasma-
rich region at the walls which can be seen in Figure 5. Jaggi et al. built upon a pre-exisiting 
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experiment separating WBC from whole blood by margination and achieved 10 fold enrichment at 
the microliter/minute range [48]. Bifurcation law describes RBCs behaviour of predominantly 
choosing the larger daughter capillary when a microcapillary splits. Sollier et al. used this effect to 
separate plasma at 100μL/min, a dilution of 1:20 and separated 10.7% of plasma 16% hematocrit 
blood at similar purities to centrifugation methods [49]. 
2.1.3.3 Dielectrophoresis 
Dielectrophoresis (DEP) is the term given to the phenomenon that results in the motion of a particle 
that is placed within a non-uniform electric field. Charges within the particle create a dipole 
moment which can result in either a positive DEP motion of the particle towards areas of high field 
potential or negative DEP motion towards areas of low field potential [50]. Figure 6 A shows 
negative DEP motion which occurs when the suspending medium is more polarisable than the 
particle, and B shows positive DEP motion which occurs when the particle is more polarisable than 
the medium. 
 
Figure 6 Simplified diagram: two neutral particles placed in a non-uniform electric field moving under 
the influence of DEP (A) showing negative DEP and (B) positive DEP motion 
The simplest kind of DEP based separation is creating conditions in which desired cell 
subpopulations are influenced by the opposite kind (positive or negative) of DEP than the undesired 
cell subpopulations. Depending on device and electrode geometry, cells can then be directed to 
specific subpopulation outlets or separation can occur with a retention step such as in MACS: In 
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the first instance positive DEP influenced cell subpopulations are attracted and remain within the 
device while others pass through to the exit, followed by a removal of the DEP field and release of 
the aforementioned and no longer positive DEP influenced cells. 
Pros and Cons 
The plethora of tuneable factors is a key advantage in DEP. The DEP force can be manipulated as 
it is dependent on medium and cell permittivity, amplitude of the applied electric field and 
frequency. The controllable DEP force and field conditions allow for an extensive range of possible 
separation processes by manipulating the involved subpopulation responses at low financial costs. 
DEP is label-free and does not rely on surface markers for separation, rather it depends on the 
dielectric properties, representing the structural, chemical and morphological properties of 
particles. This makes DEP highly selective, sensitive to analysis and able to manipulate cells with 
or without a net charge, synthetic or biological [51].  
In contrast to many other separation technologies, the DEP device and electrode geometry itself is 
flexible and can be application tailored. DEP technology is also easily integrated with other 
technologies due to its miniaturisation potential, non-invasive nature and low equipment needs and 
has been demonstrated to achieve high levels of purity and separation [52]. As an example, Vahey 
et al. have produced a passive separator that integrates convection, diffusion and DEP that has 
separated live from dead S. cervisea at a flow rate of 3 μL/min, a separation unmatched at the time 
of its invention [53]. 
 Perhaps most importantly, DEP is gentle with cells [3]. DEP technology can be used for both 
separation and characterisation of cells with the potential to offer data rich output as a relation to 
the DEP response. As a case in point, a very exciting study by Vahey et al. was able to produce a 
genome-wide mapping between genotype and DEP phenotype with implications carrying across 
multiple disciplines further emphasising cells as electrical entities as much as chemical [54]. 
The main disadvantage of DEP is its low throughput. DEP also involves sample preparation prior 
to separation in order to suspend cells in DEP medium prior to experimentation however in most 
cases the procedures involved are less costly and time consuming than those required of labelling 
separation techniques. DEP separation is predicated on prior knowledge of particle responses 
(positive or negative DEP response, strength of response, range of values that exhibit the response), 
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however work has started on compiling one such library, DEP is a relatively young field spanning 
about 50 years with the vast majority of papers being published in the last 17 years [55]. There are 
also commercialised units which can carry out such characterisations within 30s making the process 
much simpler [56]. 
Based on the consideration of the relative merits of cell separation techniques, DEP was selected 
as an encouraging approach for building a user-friendly, high purity separation device while 
improving on the limitations of the other discussed approaches (cost, throughput, labelling, and 
yield). 
2.2 DEP theory 
Dielectrophoresis (DEP) is the motion produced by the action of a non-uniform electric field upon 
a dielectric particle, as first defined by Pohl [50]. The applied electric field induces polarisation 
within the particle, and the resulting force which acts upon it is determined by the particle's size 
and dielectric properties, the strength of the electric field, and the surrounding medium's 
permittivity. If the forces produced by DEP are not dwarfed by other forces acting upon the particle, 
the particle will move. 
If the movement of the particle is towards regions of highest field intensity the phenomenon is 
referred to as positive DEP. In contrast, negative DEP occurs when particles move towards regions 
of lowest field intensity. The DEP response (whether positive or negative) can be manipulated by 
changing the frequency of the non-uniform field. Based on this knowledge of DEP induced 
pathways, a variety of possibilities exist for the manipulation and separation of particles. Such 
techniques are especially useful as the particle does not need to be charged and all particles are 
subject to DEP induced forces. 
The DEP force which acts upon a particle is described by the following dipole approximation 
equation: 
𝐅𝐃𝐄𝐏 = 𝟐𝛑ɛ𝐦𝐫
𝟑𝐑𝐞 (
ɛ𝐩
∗ − ɛ𝐦
∗
ɛ𝐩
∗ − 𝟐ɛ𝐦
∗ ) (𝛁𝐄𝐫𝐦𝐬
𝟐 ) (1) 
where 𝐹𝐷𝐸𝑃 is the DEP force, εm is the absolute permittivity of the surrounding medium, r is the 
particle radius, 𝛻 is the gradient operator, 𝐸 is the rms amplitude of the electric field. 
Literature review   DEP theory 
39 
Re (
ɛp
∗ −ɛm
∗
ɛp
∗ −2ɛm
∗ ) is the real part of what is termed the Clausius-Mosotti factor (CM) wherein ɛ𝐩
∗  and ɛ𝐦
∗  
are the complex permittivity of the particle and surrounding medium, respectively [55]. 
ɛ∗is defined as:  
                                                         ɛ∗ = ɛ −
𝐣𝛔
𝛚
                                                                  (2) 
Where ɛ  is permittivity, j  is the square root of 1, σ  is the conductivity and ω  is the angular 
frequency, introducing the frequency dependency of the DEP response. The DEP response (positive 
or negative) is governed by the positive or negative value of the real part of the CM factor. 
It should be noted that equation 1 is a simplification which makes the following assumptions: 
1. The particle consists of a homogeneous dielectric that exhibits no conductive losses and has no 
net charge. 
2. The non-uniformity of the applied field is not considered in the derivation of the particle's 
induced polarization, which is assumed to act like a simple dipole. 
3. Boundary effects of the medium are ignored. 
Although most particles are not homogenous, bacteria and biological cells can be modelled to be 
eligible for application of this equation by using the multi-shell model. For cells smaller in diameter 
than a tenth of the electrode spacing, the error associated with assumption 2 is typically less than 
1% [55]. Boundary effects can be accounted for based on a model described by Stoy [57]. 
As previously mentioned, changing the frequency of the non-uniform field can change whether the 
cells are affected by positive or negative DEP, ceteris paribus. Below is a graph of the DEP response 
of three cell types across a frequency range. The points at which negative and positive DEP 
responses meet for each cell (i.e. the DEP response is zero) are termed the cross-over frequencies. 
Each cell type has a unique set of dielectric properties, as such, the crossover point, will be different 
for the various cell types. 
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Figure 7 The DEP spectra for MDA231 cells (____), T lymphocytes (----), and erythrocytes(-.-.-.), at 
medium conductivity of 10mS/m [62] 
Figure 7 shows a heterogeneous population of MDA231 cells, T lymphocytes and erythrocytes. It 
can be seen that each of the three components has a different crossover frequency. With this in 
mind, many experiments can be designed to isolate one population from the others and ultimately 
separate them out from the stream by manipulating the DEP responses. For example applying a 
frequency of 8 x 105 Hz would induce a negative DEP response from the erythrocytes and positive 
DEP responses from MDA231 and T lymphocytes thus isolating the erythrocyte cells from the 
other two. 
DEP response manipulation is the key to the isolation of the desired cell type. The ultimate 
separation and removal of the desired cells is done through the design of electrode geometries that 
guide the desired cells towards a collection point. 
2.3 DEP electrode geometry 
As discussed in section 2.2, manipulating the DEP response is the main method of isolating the 
desired cell type. The job of extraction then comes down to the chip’s electrode geometry. In this 
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section a history of DEP electrode geometry will be given in order to assess where the technology 
stands at present on how we can build upon it. 
Dielectrophoresis is a relatively young field, the electrodes mainly started out with a pin petri dish 
arrangement, evolving into more complex 2D structures with the development of microfabrication 
and stronger data storage and observation devices before finally moving onto the 3D structures 
being produced today.  
The early work on electrode geometries is discussed in section 2.3.1 followed by the 
microfabrication advances which paved the way for more complex structures in section 2.3.2 and 
finally ending with section 2.3.3 in which progress on 3D electrodes are discussed. 
2.3.1 Early work  
In 1978 Pohl [50] describes using one of the earliest DEP electrodes, wire electrodes. Wire 
electrodes of 0.258-1.59 mm energised to voltages reaching 11kV to separate components in 
mixtures. Use of such high voltages however, created thermal energy which disturbed DEP induced 
motion of the particles as well as unwanted electrolysis. These methods also made it difficult to 
provide statistics on throughput and yield. 
The next version of DEP electrode was called the pin-pin configuration employed by Pohl and 
Crane [59]. It used a 0.51mm diameter platinum wire on a cylindrical well in Plexiglass plate seen 
in Figure 8. The plate dimensions were 36 x 76 x 3.4 mm and the well (which held the suspension) 
was 1.7mm deep and 4.0mm wide.  Once the suspension was injected into the well, and electrodes 
were energised, positive DEP was observed in the form of gathered cells around the pin electrode 
(the point where the electric filed is strongest) forming what look like pearl chains. Yield was found 
by measuring the average length of the chain. 
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Figure 8 Pin-pin electrode design [59] 
Although this method exerted more DEP force and required a lesser voltage than its predecessor, 
beyond 100kHz this method produced significant thermal current at which point the DEP response 
was no longer linear to the applied voltage. . The key in overcoming this problem lay in the original 
equation of DEP Force, namely the parameter [𝛻𝐸2].  By scaling the electrodes down 1000-fold, 
the same force can be generated using a 100-fold reduction in applied voltage. Thus microfabricated 
DEP electrodes were pursued. 
2.3.2 Microfabrication 
Microfabrication involves the production of micron sized metal electrodes (usually gold) onto glass 
slides. This not only allowed a stronger DEP force to be generated using a smaller voltage but 
granted a new found flexibility of printing electrodes in any 2 dimensional shape.  
Interdigitated castellated geometry electrodes were one of the first DEP electrode structures to use 
microfabrication. Furthermore the interdigitated castellated electrodes allowed for the collection of 
particles as a result of both negative and positive DEP simultaneously. The electrode thickness was 
~70 nm and the castellations are from 10 to 120µm [60]. The castellation can also be varied such 
as to manipulate differently sized particles [61]. Such an array of electrodes will cause the positive 
DEP influenced particles to gather and remain around the electrodes while the negative DEP 
influenced particles rise above the electrodes and are carried away by the fluid flow, an example of 
which can be seen in Figure 9. The ensuing success of works based on this approach have made it 
the new standard of designing DEP separation systems. 
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Figure 9 Interdigitated castellated electrodes, MDA231 cells are attracted to the edges while red 
blood cells pass through [62] 
It was found that the ability of particles to rise above the electrode plane would exist at higher 
frequencies if the conductivity of the suspended medium were higher [63] Two key works stand 
out using this approach, the work by Gascoyne’s group wherein cancer cells spiked into human 
blood were separated, and that by the Pethig lab at Bangor in which CD34+  hematopoietic stem 
cells were separated from bone marrow. 
The microfabrication revolution also saw two other major publications: The ratchet design and 
travelling wave dielectrophoresis. The ratchet design was introduced in 1994 in which 
nanoparticles would be attracted to the top of a ratchet and then either carried over to an adjacent 
ratchet or attracted back to the starting point depending on the type of particle [64]. Travelling wave 
dielectrophoresis is an effect caused by an out-of-phase relationship between the induced dipole 
and the applied field. This allows for the transport of cells by energising the electrodes with three 
or more periodic signals [65]. Both these approaches proved popular at the time however interest 
in them has since damped, the ratchet design proved to have limited application while the TWD 
has to use a large number of electrodes and is still working to achieve higher rates of particle 
velocity. 
The microfabrication innovations have led to a plethora of DEP electrode structures. Most 
approaches have pumped a solution of cells over a plane of 2D electrodes enclosed between glass 
slides, while positive DEP cells are trapped and negative DEP cells pass through. This is referred 
to as batch separation as it requires the system to be stopped and the trapped cells to be flushed out 
and recovered. Continuous separation on the other hand uses multiple outlets to keep both cells 
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under the influence of positive and negative DEP flowing continuously to their designated ports. 
Whether continuous or batch, DEP separator devices have yet to produce a system which achieves 
comparable throughput to the gold standard separation technologies provided by FACS and MACS. 
In an attempt to address this, electrode design turns its attention to 3D electrode structures. 
2.3.3 Three dimensional electrodes 
The limiting factor of 2D DEP based separators is likely its low throughput. 2D planar electrodes 
are only able to address particles flowing close to the electrodes, thereby limiting the processing 
volume. Recently several 3D electrode approaches have been developed increasing both cell 
detection and throughput.  
One approach used insulating objects to create a non-uniform field energised by electrodes kept 
separate from the channel, “electrodeless” is attributed to Mashao Washizu. This concept was 
greatly improved by Eric Cummings and rebranded “insulator DEP” or iDEP, instead of using 
electrodes to generate the non-uniform field, a long chamber with electrodes at either end is 
employed as well as insulating posts within the chamber to create the non-uniforimity of the field 
[66] . Chief differences between this approach and conventional DEP is that the cells under the 
influence of negative DEP are trapped by a gate of high field gradient impeding passage. While the 
cells under the influence of positive DEP or a weaker negative DEP force can be pushed across the 
barrier by the fluid flow. iDEP technology has shown potential for water quality monitoring [67], 
concentration and separation of live and dead bacteria, and manipulation of protein particles to 
name a few [68] . In cases requiring highly conductive biological samples however, iDEP can 
induce large temperature increases resulting in electrolysis and possible damage to the cells.  
Another approach used glass-like carbon moulded into 3D electrodes of narrow gaps and high 
walls. The carbon material presented the main advantages such as low fabrication cost, higher 
voltage application than metal electrodes and electrode inertness, while the 3D structure increased 
throughput. A disadvantage of this approach was the relatively high glass-carbon resistivity which 
resulted in higher voltage drops. Another disadvantage was the relatively few and expensive 
substrates that could be used during the carbonisation process [69]. 
A third approach used the concept of lamination. Laminating is to overlay material atop one 
another. The first example of this stacked layers of aluminium foil and epoxy extending at opposite 
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ends and drilling 288 holes in a 1-inch diameter circle separating the layers by glass slides [70] 
Starting with an initial 50/50 ratio mixture of live and dead yeast, this design was able to separate 
enough cells to achieve a final ratio of 86/14 at a flowrate of 25 ml/hr. The device can be seen in 
Figure 10. 
 
Figure 10 On the left is an example of lamination, the yellow strips are the electrode materials which 
were superimposed between glass slides. On the right shows an image of the 3D laminated separator 
presented by Fatoyinbo et al [70] 
This technology has since transformed into a commercially available characterisation system 
consisting of 20-system controlled chips in parallel each of which have user-assigned frequencies 
delivered in parallel in bandwidths of 1kHz-50MHz, up to 10Vpp [71] The chips themselves consist 
of 20 drilled wells into a chip connected to opposite phases of the signal which is received via pogo 
pins fitted into the signal delivery system as shown in Figure 11. 
 
Figure 11 From left to right: the 3DEP kit inset 20 well chip, the 20 well chip, a graph tracking the 
motion of cells within one of the wells (blue to red scale: farthest to nearest to electrodes)  
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Telecentric optics allows the observation and analysis of all 20 wells in 10 seconds. Light is shined 
into the wells, the signals applied and images recorded of the light that is passed through, based on 
the induced movement of the cells, plotting light intensity charts vs concentric band as well as the 
DEP response of the cells for the frequency sweep. 
Comparing the two 3D approaches, the highly conductive fluid as well as potential complications 
the barriers pose in iDEP make it less attractive an option. 
2.4 Applications of DEP 
DEP can be used for separation or characterisation of any particle. More specifically this could 
mean being used as a sensor for fluid contaminants in chemical plants or to align nanoparticles. It 
could mean diseased cell detection or more comprehensively tracking the changes a cell goes 
through within its lifespan or when diseased or spiked with developing drugs for therapeutic 
purposes. The diseases and explored medication are not limited to certain type of cell, they can be 
carcinogenic, neurological, auto-immune or not cells at all. One thing is clear, because DEP can be 
used with any particle without the requirement for a charge, its applications span into many fields 
as an enabler to furthering their technologies. This section will present some examples of 
applications achieved by DEP devices. 
Cell characterisation is necessary before effective manipulation. Measuring a cell’s dielectric 
properties can be done through dielectric spectroscopy of suspensions of a single cell type, 
electrorotation measurements, and cross-over frequency measurement. An example of the third 
method was demonstrated by Hubner et al., who used the well system to characterise blood cells 
[72], Hoettges et al. to characterise cancer cells [73] and bacteria [74]. A frequency sweep of the 
wells causes the cells to move either towards or away from the circumference of each well allowing 
light to pass through in different patterns and the software to plot a polarisability spectrum in under 
one minute. 
The effects of drug induction over time can also be measured via DEP. Quan and Wanli [75] 
profiled the cytosine arabinoside induced apoptosis of Jurkat T cells using electrorotation DEP and 
Pethig and Talary [76] induced apoptosis in Jurkat T cells using etoposide. The DEP cross-over 
frequency was found to increase as apoptosis matured however it was reported to take place more 
rapidly in arabinoside induced apoptosis. Armed with the knowledge of the apoptotic stage or any 
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other process that changes the nature of cells over time, affected cells response to DEP can then be 
looked up and the appropriate controls set in another experiment to separate them from a 
heterogeneous solution. 
DEP has also been investigated extensively as a separation method. Examples include the 
separation of live and dead cells, mutated cells from healthy ones or simply different kinds of cells. 
As an example, human breast cancer cells were separated from blood using DEP [77]. It was shown 
that the dielectric properties of the metastatic human breast cancer cell line MDA231 (80kHz) were 
significantly different from those of erythrocytes (450kHz) and T lymphocytes (320kHz). By 
sweeping the signal frequency from 200 kHz down to 80 kHz the blood cells were moved along 
the channels at a flowrate of 5µl/min while the MDA231 cells collected and trapped at the 
electrodes and then released and washed out, reporting a 58 fold reduction in the amount of tumour 
cells. Leukocytes have also been separated into monocytes, granulocytes, B-lymphocytes, and T-
lymphocytes, using DEP-FFF, and the dielectric properties of each were tabulated [78]. 
Lab on chip (LoC) devices can do anything from particle detection to destruction. Due to the 
relative ease with which DEP can be induced, amongst other factors, it is used extensively in LoC 
devices. The advantages that a DEP based LoC offers include compatibility, simplicity, providing 
a safe platform for experimentation, low fluid volume consumption and low cost make it a prime 
contender for replacing older less practical means of diagnosis and empirical study. DEP LoC 
technology has been used for the separation of minerals [79] construction of nanoscale devices [58] 
cell characterisation and sorting, tissue engineering, drug discovery, disease modelling, biosensors 
for both medical and military uses and even selective cell destruction [80]. Because of DEP’s ability 
to induce a dipole and manipulate any particle, it has handled DNA, nanomaterial and a plethora 
of cells: blood, stem, bacteria, mammalian, different cancerous cells. Novel devices and procedures 
both expand the breadth of DEP application and improve upon its established capabilities.  
LoC technology can also be used as a diagnostic device. A LoC using the concept of membrane 
movement successfully detected HCV and syphilis within 20min [81]. HIV and malaria are 
examples of still widespread diseases with many never being tested. Cultural difficulties 
undoubtedly play a role in this problem, however the gold standard for the respective diagnosis is 
flow-cytometry and microscopic examination, but this is both costly and requires trained 
professionals making it not easily available where it is needed the most.  Acknowledging the need 
Literature review   Applications of DEP 
48 
for such a device, the world health organisation and other organisations have long since called for 
novel technologies that are cheap, portable and offer a quick and reliable diagnosis. A lot of 
preliminary work has already been done in this field such as measuring the erythrocyte membrane 
changes following malarial infection [82].  
An example of a commercialised DEP technology is that by the Fuhr group who designed a cell 
sorter capable of forming 3D DEP field structures such as switches, cages and funnels that 
processed particles up to flow rates of up to 3500µm/s. Particles entered the device using pressure 
driven fluid flow, focused into a beam and rotated before being deflected into the designated output 
channel allowing for both characterisation and separation. 
Additionally due to the low maintenance, small size, simplicity and non-intrusiveness of the DEP 
technique, it is very well suited for both sequential separations, performing a separation using 
FACS or MACS followed by DEP separation or vice versa, as well as integration with other 
separation techniques offering its advantages to assist with their limitations. An example of 
integration is the commercialised ApostreamTM, a DEP based FFF device. 
 
Figure 12 Apostream adapted from [48] 
The ApostreamTM uses a dielectric external force to sort cancer cells from peripheral blood 
mononuclear cells (PBMC). Buffer medium and a sample of PBMCs (isolated from 7.5ml of whole 
blood) and pre-stained cancer cells in 1ml of buffer solution. An AC voltage is applied across the 
flow chamber resulting in the elevation of the PBMCs, and ultimate collection at the waste terminal, 
induced by the negative DEP acting upon them and allowing the cancer cells to move along the 
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wall and to the collection chamber under the influence of positive DEP, as shown in Figure 12. The 
Apostream processes at a rate of 18-25µl/min or 12 x 106 cells/hr yielding a tumour cell separation 
percentage of 75.4% ± 3.1% (n = 12). Although other DEP microfluidic based chips can achieve 
higher percentages most have lower cell throughput [83]. The advantage of using DEP FFF with 
respect to cancer cells is that it is not limited by the expression of known cell surface markers and 
thus is capable of handling a wide range of cancer cells independent of the advance of metastasis. 
2.5 Conclusion 
In this Chapter, Section 2.1.1 and 2.1.2 provided a review of the most used and commercialised 
separation techniques: the labelling separators of FACS and MACS and the label-free density 
gradient centrifugation. Other separation techniques were discussed under section 2.1.3 while DEP 
was discussed subsequently, detailing the factors affecting the DEP response and isolation of cells 
as well as the history of DEP electrode structures.  
The following Chapters will introduce the two cell separator devices that have been designed, built 
and tested over the course of this PhD in an effort to overcome the challenges of modern established 
separators performing in line with the requirements set out in Chapter 1, “Introduction”. Chapter 
3, “3D Separators Orthogonal to Flow” introduces the Syringe Separator. Chapter 4, “3D 
Separators parallel to flow” follows thereafter presenting two more separators. Chapter 5 presents 
work conducted with real applications of the separators and Chapter 6 concludes the Thesis.  
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Chapter 3  3D Separators I: flow orthogonal 
to field 
This chapter introduces an electrophysiology activated cell enrichment device termed the Syringe 
Separator (SS).  The SS is a low cost, hand-held device capable of separating high concentration 
cell samples at a flow rate of 1ml/min and above 96% efficiency and purity. The SS houses a 3D 
chip, through which the sample passes wherein it is exposed to a DEP field. This allows cells to be 
selectively taken out of the flow and retained within the SS while rejected cells pass through to the 
outlet. Retained cells can then be released into a new clean medium thereby achieving separation. 
This arrangement is of particular note as fluid flow occurs orthogonally to the generated field. This 
allows the field to engulf each cell, facilitating field penetration and thus aiding separation.  
The concept and design of the devices are first outlined in section 3.1 followed by a description of 
the experimental setup and procedures in section 3.2. Section 3.3 will present the results followed 
by a discussion thereof in section 3.4. Section 3.5 concludes the chapter with an evaluation and 
comparison of the device’s achievements and the objectives laid out in the introduction of this 
thesis. 
3.1 Concept and design 
3.1.1 Syringe Separator concept 
The rational for adopting the SS design was maximising both the likelihood and length of particle 
exposure to the electrode surfaces. This increases the time particles are affected by the DEP field, 
in turn allowing the particles more time to respond and thus be separated. The design would allow 
higher processing flow rates while achieving high separation. Large exposure was achieved by 
using a 3D chip composed of 397 wells within each of which particles are subjected to the DEP 
field By creating numerous wells, the well diameter can be reduced thus increasing the likelihood 
any one cell will be exposed to the DEP field and well depth would increase the amount of time 
each cell spends exposed to it. A schematic of these wells (shown as blue rings) is shown and 
described underneath Figure 13.  
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The SS had one inlet feeding cells into the device (pictured in Figure 16) and through to the top of 
the 3D chip (cells would pass vertically down through the wells) and one outlet placed after the 
bottom of the chip through which the cells exit. Separation involved two phases, a selective capture 
phase in which cells are targeted and retained within the SS while other cells were allowed or 
encouraged to pass through the exit; and a cell release stage in which the field was deactivated and 
the retained cells were released into a clean wash medium.  
The SS housed a 3D chip designed by Dr. Kai Hoettges at the University of Surrey, termed the 3D 
DEP well chip. The chip’s purpose was to generate a DEP field which at the correct conditions 
would attract selected cells while allowing others to pass through achieving separation. 3D 
electrode arrangement benefits from a much larger volume than planar electrodes on a similar scale. 
This translates to potentially increased field penetration, decreased device size and increase in 
separation flow rates. Planar electrodes were used in the early stages of DEP’s history however, as 
discussed in the literature review, with developments in microfabrication 3D electrodes are now 
possible and the upper boundary of what is achievable can be raised significantly.  
For simplicity let us consider two cell types; green cells that are affected by negative DEP and 
therefore repelled from the electrodes and blue cells which are affected by positive DEP and 
attracted to the electrodes. A sample of both green and blue cells is passed through the chip while 
a function generator supplies the power necessary to create the DEP field. The green cells affected 
by negative DEP, are encouraged to leave the DEP well chip while the blue cells, under the 
influence of positive DEP are captured by their attraction to the electrodes, causing them to remain 
within the 3D chip. Once all of the sample has passed through, the function generator is switched 
off and the SS is washed with clean cell-less medium. With the function generator turned off and 
the field is removed, the blue cells no longer operate under the influence of positive DEP and feel 
no attraction to the electrodes. As such they are washed away and released into the wash medium, 
resulting in a separation of green and blue cells. 
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Figure 13 Schematic of the hypothesised cell behaviour within the 3D chip of the SS showing well 
opening (blue rings set in yellow chip top face), positive and negative DEP influenced cells (blue and 
green dots respectively) 
Figure 13 shows a cross section of the 3D chip and a mixture of the two cell types entering the chip 
from the top. The red and light blue bands within the layers represent the copper electrodes, which 
would be connected to the high and low potentials of the power source respectively. Each hole is 
identical to the next therefore we expect identical responses, however Figure 13 shows three 
separate outcomes for demonstrative purposes:  
1. The selective capture stage is the first phase of the separation process. The first well 
shows the green cells, affected by negative DEP, repelled from the electrodes (the circular 
red and light blue bands spaced through the well) are pushed into the centre of the chamber 
away from the electrodes and exit the chip at the bottom. The blue cells, affected by positive 
DEP are attracted to the electrode edges, congregate around the bands and do not exit the 
chip. The selective capture stage occurs when the heterogeneous sample is being passed 
through the SS: one cell type is captured and another is expelled with the original medium 
which when collected at the exit is termed the passed through sample. 
2. The release stage is the second and final step of the separation process, demonstrated in 
the second well of the above Figure. The field is removed, the blue cells no longer feel 
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attracted to the electrode edges and are released into a clean cell-less washing medium that 
is passed through the chip to collect the blue cells. The release stage is when previously 
captured cells are released into a new medium which when collected at the exit is termed 
the recovered sample. 
This procedure was hypothesised to result in two distinct homogeneous solutions where there was 
once one heterogeneous solution comprising of both green and blue cells: the original medium (the 
passed through sample) now only containing green cells as a result of the selective capture stage 
and the new medium (the recovered sample) containing only blue cells as a result of the release 
stage. 
It should be noted that this system would also be capable of extracting a homogeneous cell sample 
out of a heterogeneous sample containing more than two cell types. This would be done by either 
capturing a single cell type out of multiple cell types or by capturing all but one cell type in the 
selective capture stage. In even more intricate sample situations separation could take place in 
stages i.e. whittling down a heterogeneous sample of 20 different sub-cultures into three initially 
and then in a second separate procedure, the three into one. 
3.1.2 3D Chip design and electronics 
The chip, as shown in Figure 14 A, comprised of ten layers of 70µm-thick copper separated by 150 
µm-thick glass fibre reinforced epoxy (FR4) layers, with two further 35 µm-thick copper layers at 
the top and bottom. All copper layers were patterned in a circle slightly larger than the area through 
which the separation wells were drilled, to minimise overlap and associated capacitive losses.  397 
wells with a 400µm-diameter were drilled in a hexagonal pattern at the centre of the chip; larger 
holes for assembly and contacts were placed at the perimeter of the chip.  Exposed copper areas 
were gold-plated to maintain stability and biocompatibility. The entire chip measured 3 x 2 cm.  
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Figure 14 The 3D DEP well Chip: (A) an image (B) a schematic (Images kindly supplied by Dr. 
Hoettges) 
The red and green strips at the top right hand of the chip in Figure 14 B were plated through with 
gold, serving as the connection points to power the chip. The copper layers were successively 
connected to either the red or green band representing the higher and lower gradient connection 
point and completing the circuitry. Wires were soldered onto these points and connected to a 
function generator which produces a non-uniform A.C. electric field within the 397 holes of the 
chip, creating the DEP field. The 3D chips were industrially manufactured. 
3.1.3 Syringe Separator construction 
The device was first conceived as a standard plastic syringe with the 3D chip inset. Therefore the 
first model consisted of a 10ml syringe (BD) sawed just before the conical lead up to the nozzle 
forming two distinct parts. The sawed area was sanded and glued over the 3D chip an image of 
which is presented in Figure 15. Preliminary work with this device achieved a 51% capture rate at 
an initial sample rate of 300,000 live yeast cells/s.   
 
Figure 15 3D DEP well chip glued into a 10ml syringe 
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The diameter of the 10ml syringe is about half the diameter of the chip, as such, about half of the 
397 wells of the chip were either outside the syringe or covered up by glue. To remedy this, a 20ml 
syringe was employed whose diameter matched almost exactly that of the chip, however this made 
it hard to form a proper seal and was discarded. Finally a custom built syringe was made to house 
the chip, seen deconstructed in Figure 16. 
 
Figure 16 The Syringe Separator: (A) the base that holds the 3D chip (B) the syringe and flute in 
which sample medium is loaded (C) a secondary, additional cartridge in which a second 3D chip is 
housed 
The SS consisted of the 3D chip and the casing. The 3D chip was housed in a cartridge machined 
from PMMA, comprised of a reservoir containing a syringe plunger from a 20ml BD plastic syringe 
(Figure 16 B) as well as a base in which the chip would sit (Figure 16 A). The syringe was secured 
with Allen bolts over the top of the base, with a watertight seal provided by two 19.13mm-diameter 
O-rings, such that when the plunger was pushed, cells were able to flow through all 397 holes. 
Below the chip, a collection cone funnelled the suspension into a 1.46mm diameter outlet tube to a 
collection receptacle. The device was loaded by manually pulling up the plunger to aspirate the 
suspension through the chip into the upper reservoir (without a field applied). Fluid flow was 
achieved by placing the SS within an upright syringe pump. 
Given that the applied field was identical in each of the 397 wells, the responses of cells in each 
well was expected to be on average the same. Therefore an additional cartridge (Figure 16 C) was 
built to house a second chip in order to allow for the simultaneous application of two fields, one in 
each chip. This would allow for two separate and distinct zones of capture, one in each chip, which 
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could be sequentially released. The additional cartridge could be easily mounted between the 
plunger and base. It should be noted that this was an augmentation to the SS and that the SS was 
designed to be fully functional without it. The additional cartridge was built to demonstrate the ease 
with which extra cartridges could be added to the system, allowing for increasingly heterogeneous 
samples to be processed without sacrificing processing time. 
3.2 Methods and materials 
3.2.1 Sample preparation 
SS experiments were initially conducted with yeast due to the ease with which it could be acquired 
and its rapid growth rate. Live and dead yeast were prepared and mixed when necessary in a 1:1 
ratio in DI water at a concentration typically of 1-10 million cells/ml, except in the case of the 
saturation experiments wherein concentrations reached 100million cell/ml. Yeast was grown using 
Tesco’s freeze dried baker’s yeast grown in a yeast extract peptone dextrose medium, (YPD 
medium, Sigma-Aldrich) set overnight in an incubator at 37 °C. YPD Medium was made by mixing 
YPD broth with de-ionised (DI) water at a 50g to 1L ratio. The mixture is autoclaved and allowed 
to reach room temperature before usage. Yeast cells were killed by transferring live yeast in YPD 
medium to an incubator set to 70 °C for 3 hrs. Yeast was washed and suspended in DI water before 
use in experiments; conductivity was not fixed, but was typically at or below 1 mSm-1  
Two mammalian cell based experiments were conducted. The first used vole 3T3 Fibroblasts and 
RBCs while the second used human RBC and MDA-MB-231 cells. 3T3 Fibroblasts, kindly donated 
by Dr. Andrew Liu, University of Memphis, U.S.A., were cultured in an incubator set at 37 °C and 
5% CO2 in growth medium. Cells were cultured in Dulbeco’s modified eagle’s medium, (DMEM, 
Sigma-Aldrich, U.K.) with the addition of 10% Fetal Bovine Serum (Fisher Scientific), 1mM 
sodium pyruvate (Sigma-Aldrich, U.K.), 1% penicillin-streptomycin (Sigma-Aldrich, U.K.).   
Adult common voles were sourced from the University of Surrey’s breeding colony in the UK, 
based on animals kindly donated by Professor Gerkema, University of Groningen, Netherlands. 
Each sacrificed vole yielded 1 ml of blood which were isolated for RBCs [84]. The vole Fibroblasts 
and RBCs were suspended in DEP medium (Medium1) prepared with de-ionised (DI) water 
supplemented with 8.5/0.3 % sucrose/dextrose (Sigma-Aldrich, U.K.). Medium 1was used both for 
the wash stages and final suspension.  
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The second mammalian cell experiments used human RBCs and MDA-MB-231 cells. Human 
blood was collected from donors at the University of Surrey and RBCs were isolated. The RBCs 
were washed twice in DEP medium (medium 2) consisting of 8.5% (w/v) sucrose, 0.5% (w/v) 
dextrose, 100µM CaCl2 and 250µM MgCl2. MDA-MB-231 cells were kindly donated by Dr. 
William Brackenbury, Univeristy of York. They were cultured in modified eagle’s medium (MEM, 
Sigma-Aldrich, UK) supplemented with 10% heat inactivated foetal bovine serum (FBS; 
Invitrogen, UK), 2mM L-Glutamine and 1% penicillin-streptomycin (Sigma-Aldrich, UK). The 
cells were grown in T75 flasks in a standard cell culture incubator at 5% CO2 95% humidified air 
at 37 °C and sub cultured every 48 h when 80% confluent. To prepare for experiment, MDA-MB-
231 cells were washed twice in DEP medium (medium 2) consisting of 8.5% (w/v) sucrose, 0.5% 
(w/v) dextrose, 100µM CaCl2 and 250µM MgCl2 and supplemented with NaOH to pH of 7.4. The 
medium conductivity was adjusted using PBS to 10 mSm-1 prior to experimentation. All human 
and mole cells were acquired following granted ethics approval. 
3.2.2 Instrumentation setup 
Figure 17 provides an image of the experimental setup. The SS once loaded with the experiment 
sample, is fitted into an upright syringe pump (Razel) which provides fluid flow. A horizontal 
syringe pump was fitted with braces to use it in an upright manner, making sample collection easier. 
Empty casing was used to prop up the SS to account for the height discrepancy. A function 
generator was connected to the SS wiring via crocodile clips, powering the DEP field. An 
oscilloscope was also employed to monitor the signal. 
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Figure 17 The SS experimental setup: SS set in syringe pump, supporting blocks underneath, wiring 
(green) connected to function generator and a collection tube  
Sample collection occurred at the outlet as per the requirements of each experiment. Once the initial 
sample had flowed through, the field was removed, the SS disconnected and loaded with fresh cell-
less medium by manually pulling the syringe upwards while the outlet nozzle was submersed in 
the medium. The SS contents were then pushed out of the SS under no field conditions resulting in 
the “Recovered” sample. 
3.2.3 Experiment procedure 
The procedure was pertinent to two cell subpopulation solutions and can be divided into three 
distinct steps as shown by Figure 18. 
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Figure 18 Steps involved in a single pass of an SS performance experiment 
STEP 1: Loading: The prepared sample is first manually loaded into the SS 
STEP 2: The Selective Capture Stage: The function generator and syringe pump were set and the 
sample was passed through the SS, allowing the cells under the influence of negative DEP (yellow 
cells in Figure 18) to leave the SS while those under the influence of positive DEP remain within 
the device. The collected sample was called the passed through sample. 
STEP 3: The Release Stage: Under no field conditions, the SS was manually loaded with clean 
cell-less medium and the SS syringe was manually pushed down to release its contents (the cells 
captured in step 2) (red cells in Figure 18). The sample collected was termed the recovered sample. 
This procedure was hypothesised to result in two homogeneous samples of either cell type. The 
processed sample collected during the selective capture stage comprising of the cells which 
responded with negative DEP; and the recovered sample collected during the release stage 
comprising of the cells which responded with positive DEP.  However it was also hypothesised that 
one single pass of the 3 steps may not be sufficient to achieve a high level of separation. Some of 
the cells under the influence of negative DEP may have remained within the device during Step 2 
and conversely some of the cells under the influence of positive DEP which ought to have remained 
within the SS may have passed through during step 2. This can be due to cells influencing each 
other or a lack of opportunity to be influenced by the DEP field due to the cell pathing. To overcome 
this, a two-pass protocol was proposed.  
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The two-pass protocol involves refining the samples already separated after one pass through the 
SS. This was done by processing either of the two outputs once more: Either the “passed through” 
sample, collected at the selective capture stage or the “recovered sample”, collected at the release 
stage. This would improve performance in a short period of time. Figure 19 traces the possible two-
pass refining experiments that could be done. In the square labelled First Pass, Figure 19 shows the 
two samples collected from a single pass of an experiment: the passed through sample containing 
mostly the cells under the influence of negative DEP in yellow and the recovered sample of cells, 
mostly the cells under the influence of positive DEP, in red. 
 
Figure 19 Two pass routes: The positive DEP population and the negative DEP population second 
pass protocols 
Refining the negative DEP population: The passed through sample of the first pass (unit B) can 
be fed into the SS once more resulting in its own respective passed through (unit E) and recovered 
cells (unit F) samples.  This would be done in order to separate out the remaining red cells (cells 
under the influence of positive DEP) resulting in an increased amount of red cells separated as well 
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as a decrease in the number of red cells in the final passed through sample (unit F). In this 
arrangement, unit E is added to unit A to form one overall recovered sample while the overall 
passed through sample is unit F. This translates to an increased separation efficiency on behalf of 
the red cells in the recovered sample and an increase in purity of the yellow cells in the passed 
through sample, unit F. This was the more commonly used path in the conducted experiments. 
Refining the positive DEP population: The recovered sample (unit A) could also be fed into the 
SS once more resulting in its own respective passed through (unit D) and recovered cells (unit D) 
samples. This would be done when it was necessary to increase the purity of the red cells in the 
original recovered cell sample (unit A). In this arrangement, unit C would be the final recovered 
sample and units B and D would form the final passed through sample.  
The presented experiments were conducted between 0.3-1ml/min. The fast processing time 
therefore could allow three or more passes if necessary, without a large time investment. 
Furthermore no sample is ever lost and can always be kept for further runs. In the event of rare cell 
capture this can be especially useful. 
3.2.4 Experiment types 
Preliminary work was carried out with live and dead yeast as a proof of concept, after which 
mammalian cells were employed to further validate the SS. Three general types of experiments 
were carried out in this work. 
1. Exploratory: Heterogeneous and homogeneous samples of live and dead yeast were prepared 
and passed through the SS. Experiments were conducted with both positive and negative DEP 
conditions (with respect to the cell sample). Sample collection took the form of intermittent aliquots 
a few minutes apart. Samples were counted and the data plotted. Exploratory experiments were 
conducted in order to ascertain whether the SS worked as described earlier.  
Initially these experiments were conducted at a flowrate of 0.35ml/min, as this had been the flow 
rate of experiments conducted with the early version of the SS (the sawed syringe of Figure 15). 
Once data was gathered on the device performance at this flowrate, it was increased to 1ml/min for 
further assessment. A higher flow rate translates to faster processing time which is desirable, 
however if the cells are pushed through the DEP field too quickly they may not have the opportunity 
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to respond accordingly before being flowed out of the DEP field all together, therefore these 
experiments also served to investigate this effect. Flow rates higher than 1ml/min were not 
investigated as this was the upper limit of the available syringe pump.  
For experiments during which filed conditions were switched, the time of the switch was chosen 
such that an approximately equal number of samples would be collected at either set of field 
conditions. 
2. Boundary Condition: These are further divided into two sub-categories: cell loss and viability; 
and saturation. Cell loss and viability experiments were conducted to establish the SS as non-
harmful or wasteful, important factors in desirable cell sorters, especially in the case of rare cell 
separation. Cell loss and viability experiments involved passing samples of cells through the device 
and counting both the “passed through” and “recovered” samples. Flowrates were set to the two 
most commonly used throughout all experiments, 0.5ml/min and 1ml/min. 
Saturation experiments were conducted in order to find the SS’s processing upper-limit. 
Increasingly high concentration homogeneous samples were prepared and passed through the SS 
at positive DEP conditions. Aliquots were taken intermittently. The “recovered” sample was also 
collected and counted. This upper-boundary was important as it established initial sample 
concentrations the SS could comfortably process, an important metric in real applications. 
Flowrates were set to 1ml/min to be representative of the higher value investigated flowrate. 
3. Performance: Binary heterogeneous samples were prepared using live and dead yeast, vole 
RBCs and 3T3 Fibroblasts, human RBCs and MDA-MB-231 cancer cells. The samples were of a 
1:1 ratio with the exception of the last which was 1:100 in order to investigate SS rare cell 
separation performance. Up to three pass protocols were performed in each instance to achieve 
separation.  
Flowrates were set to 1ml/min with respect to the first two experiments following the desire to 
maximise flowrate (minimising processing time) and the favourable outcomes of the exploratory 
experiments at that flowrate. A flow rate of 0.5ml/min was used for the latter rare cell separation 
experiment, as much larger cell concentrations were being used and a lower flowrate would allow 
more accurate samples to be taken throughout the experiment (whereas the other experiments in 
this category took no intermediary samples).  
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Due to the structure of the SS, a microscope could not be used to observe the wells throughout the 
experiments therefore data collection relied solely upon sample cell counts. 
3.3 Results 
3.3.1 Exploratory experiments 
Recalling the experiment purpose outlined earlier. These experiments investigated real-time cell 
responses to varying field conditions via aliquot collection at the output.  
 
Figure 20 Live yeast exploratory experiment, 5ml at 0.35ml/min 
Sample: 5ml, 6M live yeast cells/ml, 0.35ml/min 
Field Conditions: (a) no field conditions for the first two readings (b) positive DEP, post vertical 
purple line (c) negative DEP conditions, post black vertical line 
The data points are cell concentrations of aliquots collected at the output intermittently through the 
experiment. The values seem to drop over the course of the positive DEP portion and rise over the 
negative, indicating that the SS retains cells during the positive DEP portion and rejects them during 
the negative. Longer experiment periods, larger initial sample volumes and more aliquots would 
provide a clearer image of SS behaviour. 
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Figure 21 Live and dead yeast exploratory experiment: 1ml/min 
Sample: 20ml, 0.55M dead yeast cells/ml, 0.65M live yeast cells/ml, 1ml/min 
Field Conditions: (a) no field for the first point (b) 900kHz and 11Vpp, start of which is signified 
by the vertical purple line (c) 10kHz and 13Vpp, signified by the black vertical line. 
Field condition (b) induces negative DEP within the dead yeast, and positive DEP within the live. 
Field condition (c) does the opposite. The dead yeast cell data points are predominately unchanged 
during the former and are seen to fall during the latter. Live yeast response falls during the former 
and rises during the latter. 
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Figure 22 Live yeast exploratory experiment: 20ml 1ml/min, samples every 2 minutes 
Sample: 20ml, 3.6M live yeast cells/ml, 1ml/min 
Field Conditions: (a) no field (b) positive DEP conditions, starting post purple vertical line. 
The aliquots were taken at the SS output every two minutes throughout the experiment and can be 
seen to drop significantly from their initial value. 
 
Figure 23 Dead yeast exploratory experiment: 1ml/min 
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Sample: 18ml, 1.1M dead yeast cells/ml, 1ml/min 
Field Conditions: (a) no field for the first point (b) positive DEP conditions, post purple vertical 
line (c) negative DEP conditions, post black vertical line 
Figure 23 dead yeast cell concentrations are seen to drop during field conditions (b) and rise during 
(c), showing that dead cells readily respond to varying DEP fields within the SS. Furthermore the 
responses appear to be in line with anticipated behaviour conducive to separation. 
 
Figure 24 Live yeast exploratory experiment: 10ml at 1ml/min 
Sample: 10ml, 1.5M live yeast cells/ml, 1ml/min 
Field Conditions: (a) no applied field for the first sample (b) positive DEP 
Figure 24 shows a decrease in output cell concentration during the positive DEP conditions. 
Recalling the purpose of these experiments, the presented figures show cells readily responsive to 
changing field conditions within the SS. Furthermore the responses were consistent and appeared 
to have been in line with the SS hypothesis described earlier conducive to separation. 
3.3.2 Performance experiments 
1:1 ratio mixtures of live and dead yeast cells, 1:1 ratio mixtures of mammalian cells, and 1:100 
ratio mixtures of mammalian cells were used as experiment samples. The first two demonstrate SS 
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separation performance, while the last demonstrates the rare cell capturing capabilities of the SS. 
Equations are presented first followed by each of the experiment sets. 
3.3.2.1 Equations and DEP spectra 
Recovery =  
desired cells in designated location
desired cells in both the designated and undesignated location
  
Recovery was the measure with which the efficacy of the separation or enrichment process was 
assessed. Both positive and negative DEP influenced cell subpopulations had an associated 
Recovery (thereby assigning “desired cells”). SS performance experiments had two collected 
samples: “Passed Through” and “Recovered”. Performance experiments aimed to collect positive 
DEP influenced cells in the “Recovered” receptacle and negative DEP influenced cells in the 
“Passed Through”. Therefore assigning “designated locations”, respectively.  
A recovery of 0% would suggest that none of the desired cells were collected in the desired 
receptacle while a recovery of 100% would suggest that all the desired cells were collected at the 
desired receptacle. 
Cell Loss =  
{(Cells fed into the SS)−(Cells in "Passed Through")−(Cells in "Recovered)}
Cells fed into the SS
  
Cell Loss is the measure of cells that the device has irrecoverably lost and is calculated as the cells 
unaccounted for in either “Passed Through” or “Recovered” samples as a ratio of the total number 
of the specific cell type fed into the SS. 
Purity =
desired cells in designated location
both desired and undesired cells in the specified location
  
Purity is the measure of homogeneity of a sample. It is not only important to have the correct cells 
end up at the correct receptacles but that it occur at the exclusion of all other cells. Purity is specific 
to either negative or positive DEP influenced subpopulations. It was calculated as the ratio of 
desired cells within the desired location to the sum of all cells found therein. 
A purity of 100% implies that no undesired cells existed whereas a purity of 0% implies that nothing 
but undesired cells exist. 
DEP response spectra were collected using the 3DEP kit (shown in Figure 11). The spectra provided 
the DEP responses of cell subpopulations at a range of frequencies and were consulted when setting 
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experiment field conditions. The first two spectra are of the cells, kindly provided by Dr. Henslee 
at the University of Surrey, pertinent to the rare cell capture experiments. The last two spectra are 
of the mammalian cells used in the mammalian validation cell experiments. The 3DEP kit generated 
the DEP spectra by performing a frequency sweep across 16 wells loaded with the cells. Cell 
response in each well was recorded and plotted against the applied frequency.     
 
Figure 25 RBC in 10mS/m medium DEP spectrum 
Figure 25 shows the DEP response of RBCs suspended in 10ms/m medium with an inset model. 
At values between 104-1.5x105 Hz the RBCs were affected by negative DEP while at values 
between 1.5x105-1.5x107Hz RBCs were affected by positive DEP. This information would help set 
the SS frequency and armed with the knowledge of cell behaviour within the field, the results could 
be analysed. 
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Figure 26 MDA in 10mS/m medium DEP spectra (showing four runs) 
Figure 26 shows the DEP spectra of MDA cells suspended in 10mS/m. Four runs are plotted 
alongside a best fit model. Between values of about 3x104-1.5x107 Hz MDAs exhibited positive 
DEP behaviour, while values between 103-3x104 Hz resulted in negative DEP behaviour. In the 
rare cell experiments both MDA and RBCs were suspended in 10mS/m medium. The objective 
was to enrich the 1:100 sample. To achieve this the SS frequency would first have to be set at a 
value that induces opposite responses in the two cell subpopulations. Based on the above two 
spectra, a value of 73kHz was chosen to induce positive DEP in the MDA cells and negative DEP 
in the RBCs. Other considerations when choosing a frequency were that it be as low as possible (to 
maximise experiment voltage) and create the largest response disparity between the two 
subpopulations. 
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Figure 27 Average RBC DEP response in 1mS/m over two runs 
Figure 27 Plots the average DEP response across two runs of RBCs at 1mS/m. Average standard 
deviation for frequencies between 104 to 105 Hz was 0.69. Therefore, it can be stated that the DEP 
response is negative between frequencies of 104-105Hz. A positive DEP response was observed for 
values between 105-2x107. 
 
Figure 28 Average Fibroblasts DEP response in 1mS/m over four runs 
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Figure 28 shows the average DEP response of Fibroblasts suspended in 1mS/m across 4 runs. The 
fourth and 14th reading were considered as outliers. The standard deviations of values between 104-
105 Hz, not including the outlier, was 0.43. Values below about 1.9x104 Hz induced negative DEP 
behaviour while those above displayed positive DEP behaviour. Mammalian cell experiments were 
conducted with vole RBCs and Fibroblasts. Considering the responses of both cell subpopulations, 
an experiment frequency of 23kHz was selected which would induce positive DEP in the 
Fibroblasts and negative in the RBCs. 
The DEP responses of live and dead yeast were well documented, therefore, validation experiments 
that used yeast samples relied upon literature when setting the appropriate frequencies. 
3.3.2.2 Validation experiments 
Two validation experiments were conducted. The first used 1:1 mixtures of live and dead yeast 
while the second used 1:1 mixtures of Fibroblasts and RBCs.  
Two pass protocols described earlier were conducted in which the “Passed Through” sample was 
reprocessed during the second pass. Each experiment was repeated twice. During the Selective 
Capture Stage, field conditions were set to induce positive DEP within the live yeast cells or 
Fibroblasts and negative DEP within the dead yeast cells or RBCs, respectively. Positive DEP 
influenced subpopulations would be captured by the SS while the negative would pass through. 
The field was then switched off during the Release Stage and the SS washed with 1ml of DI water. 
The objective was to achieve separation of captured cells into the “Recovered” receptacle and 
rejected cells into “Passed Through”. 
The Recovery and Purity values for each cell subpopulation at each pass were expressed as 
percentages and represented by the first letter of the cell subpopulation followed by the first letter 
of the calculated parameter e.g. The Recovery value of dead yeast cells would be abbreviated as 
Dr, the Purity of live yeast cells as Lp. 
I. Live and Dead Yeast  
Sample: 15ml, 8M live yeast cells, 6M dead yeast cells, 1ml/min. Identical samples were used for 
each of the two repetitions. 
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Field Conditions: 900kHz-1MHz and 18Vpp during Selective Capture Stage. No field during the 
Release Stage. These conditions were identical for each pass and for both repetitions 
Results are provided as averages of cell counts alongside standard deviations. Table 1, Table 2 and 
Table 3 represent pass 1, pass 2 and the overall effect of both passes, respectively. Figure 29 shows 
the same data in a column graph. 
Pass 1 Going In Passed 
Through 
Recovered Missing 
Live Yeast (M cells) 8 1.48±0.73 6.47±0.86 0.052±0.13 
Dead Yeast (M cells) 6 5.31±0.05 0.62±0.094 0.075±0.053 
Dr 89.54% Dp 78.19%  
Lr 81.38% Lp 91.26%  
Table 1 Yeast separation experiment 1st pass: 1MHz, 18Vpp at 1ml/min 
Table 1 shows the results of the Pass 1: 8M live yeast cells and 6M dead yeast cells were fed into 
the SS. The “Passed Through” comprised of 1.48M live yeast cells and 5.31M dead yeast cells. The 
“Recovered” comprised of 6.47M live yeast cells and 0.62M dead yeast cells. The Recovery (or 
separation efficacy) of live and dead yeast cells was calculated to be 81.3% and 89.5% respectively 
Pass 2 Going In Passed 
Through 
Recovered Missing 
Live Yeast (M cells) 1.48±0.73 0.34±0.11 1.09±0.22 0.06±0.05 
Dead Yeast (M cells) 5.31±0.05 4.73±0.13 0.49±0.006 0.09±0.08 
Dr 90.66% Dp 93.37%  
Lr 76.38% Lp 69.02%  
Table 2 Yeast Separation Experiment 2nd Pass: 1Mhz, 18Vpp, 1ml/min 
Table 2 shows the results of the Pass 2: 1.48M live yeast cells and 5.31M dead yeast cells were fed 
into the SS. The “Passed Through” comprised of 0.34M live yeast cells and 4.73M dead yeast cells. 
The “Recovered” comprised of 1.1M live yeast cells and 0.49M dead yeast cells. The Recovery of 
live and dead yeast cells was 76.4% and 90.7%, respectively. 
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Overall Going In Passed 
Through 
Recovered Missing 
Live Yeast (M cells) 8 0.34±0.31 7.55±0.48 0.11±0.18 
Dead Yeast (M cells) 6 4.73±0.17 1.11±0.09 0.16±0.08 
Dr 81.04% Dp 93.37%  
Lr 95.74% Lp 87.22%  
Table 3 Yeast Separation Experiment Overall: Compiling Results of Pass 1 and Pass 2 
Table 3 compiles the results of pass 1 and pass 2 showing the overall results of the experiment 
(values expressed as average of two repetitions). This procedure fed an initial sample through the 
SS and yielded a “Recovered” and “Passed Through” receptacle. The “Passed Through” was 
reprocessed and broken into a second set of the aforementioned receptacles. Thus the number of 
Live and Dead cells becomes as follows: 
The two “Recovered” samples are added up to form the overall “Recovered” sample: 
6.47M+1.1M= 7.57M live yeast cells and 0.62+0.49= 1.11M dead yeast cells. The overall “Passed 
Through” was the final and only remaining “Passed Through” sample of pass 2: 0.34M live yeast 
cells and 4.73 dead yeast cells. The overall Recovery of live and dead yeast in this 2-pass process 
was 95.74% and 81.04% respectively. 
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Figure 29 Two pass separation experiment: (A) shows the results after 1 pass and (B) shows the 
results of the pass 1 and pass 2 combined 
Figure 29 shows the results of the two pass separation in a column graph for immediate visual 
evaluation. Figure 29 (A) shows the results of Pass 1 and Figure 29 (B) shows the results of Pass 1 
and Pass 2 compiled into an overall Pass. Each graph shows the “Initial” sample fed into the SS, 
what was “Recovered” or captured within the SS and what was “Passed Through” as well as “Lost” 
cells. 
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The 2-pass separation experiment took about 30minutes wherein a 15ml heterogeneous sample of 
1M cells/ml comprising of about a 1:1 ratio live and dead yeast was separated into two individual 
containers with a Recovery of 95.74% and 81.04% and Purity of 87.22% and 93.37% respectively.  
II. Mammalian Cells 
Two Mammalian cell experiments were conducted: The first involved a 5ml sample and was 
repeated twice while the second used a 20ml sample and was conducted once. The second 
experiment was performed in order to provide data from a larger initial sample volume, otherwise 
both procedures follow the validation experiment procedure outlined earlier. 
Sample Experiment 1: 5ml, 5.1M Fibroblasts, 4.8M RBCs, 1ml/min. Identical samples were used 
for each of the two repetitions. 
Field Conditions: 23kHz and 17Vpp during Selective Capture Stage. No field during the Release 
Stage. These conditions were identical for each pass and for both repetitions 
Results are provided as cell counts averaged across the experiments alongside standard sample 
deviations. Pass 1, pass 2 and the overall effect of both passes are represented by Table 4, Table 5 
and Table 6, respectively. Figure 30 shows the same data in a column graph. 
Pass 1 Going In Passed Through Recovered Lost Cells 
Fibroblasts 
(M cells) 
5100000 1.33±0.1 3.76±0.1 0.008±0.014 
RBC 
(M cells) 
4800000 4.12±0.12 0.59±0.19 0.089.33±0.2 
RBCr 87.39% RBCp 75.58%  
Fr 73.88% Fp 86.36%  
Table 4 Mammalian cell separation experiment pass 1: 23kHz, 17Vpp, 1ml/min 
Table 4 shows the averaged results of Pass 1: 5.1M Fibroblasts and 4.8M RBCs were fed into the 
SS. The “Passed Through” comprised of 1.33M Fibroblasts and 4.12M RBCs. The “Recovered” 
comprised of 3.76M Fibroblasts and 0.59M RBCs. Recovery was calculated as 73.88% and 
87.39%, respectively. 
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Pass 2 Going In Passed Through Recovered Lost Cells 
Fibroblasts    
(M cells) 
1.33±0.1 0.23±0.065 1.1±0.037 0.0096±0.044 
RBCs (M cells) 4.12±0.12 3.4±0.16 0.62±0.044 0.01±0.079 
RBCr 84.65% RBCp 93.78%  
Fr 82.94% Fp 64%  
Table 5 Mammalian cell separation experiment pass 2: 23kHz, 17Vpp, 1ml/min 
Table 5 shows the averaged results of Pass 2: 1.33M Fibroblasts and 4.12M RBCs were fed into 
the SS. The “Passed Through” comprised of 0.23M Fibroblasts and 3.4M RBCs. The “Recovered” 
comprises of 1.1M Fibroblasts and 0.62M RBCs. Recovery of Fibroblasts and RBCs was 82.94% 
and 84.65%, respectively. 
Overall Going In Passed Through Recovered Lost Cells 
Fibroblasts 
(M cells) 
5.1 0.23±0.065 4.86±0.1 0.018±0.045 
RBCs 
(M cells) 
4.8 3.4±0.16 1.21±0.15 0.19±0.22 
RBCr 73.74% RBCp 93.78%  
Fr 95.57% Fp 80.06%  
Table 6 Mammalian cell separation experiment overall: Compilation of pass 1 and 2 
Table 6 shows the averaged results of pass 1 and pass 2 put together. Recalling the two pass protocol 
and similar to the yeast cell validation experiments, the overall separation experiment outputs were 
calculated as follows: 
The number of Fibroblasts and RBCs in the two “Recovered” samples were added up to form the 
overall “Recovered” sample: 3.76M+1.1M= 4.87M Fibroblasts and 0.59+0.34= 0.93M RBCs. The 
overall “Passed Through” sample was the only remaining “Passed Through” of pass 2: 0.23M 
Fibroblasts and 3.4 RBCs.  
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Figure 30 Mammalian cell 2-pass separation experiment (average of 3 runs): 23kHz, 17Vpp, 1ml/min 
Figure 30 depicts the average results across the three runs in column graph format. Part (A) shows 
the averaged results of pass 1 while part (B) shows the averaged overall results of the separation 
process. Each separation experiment took about 15minutes to complete, wherein a 5ml 
heterogeneous sample of 1.98M cells/ml comprising of about a 1:1 ratio mole Fibroblasts and RBCs 
was separated into two individual containers with an average Recovery of 95.57% and 73.74% and 
average Purity of 80.01% and 93.78%, respectively. 
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Sample Experiment 2: 20ml, 1.23M cells/ml of about 1:1 ratio Fibroblasts and RBCs, 1ml/min 
Field Conditions: 23kHZ and 17Vpp during the Selective Capture Sage, no field during the Release 
Stage. Two pass protocol experiment in which the “Passed Through” sample is reprocessed. The 
experiment was conducted once.   
Results can be seen in Table 7. 
Overall Going in Passed Through Recovered Lost Cells 
Fibroblasts (M cells) 11.1 0.39 10.46 0.24 
RBC (M cells) 13.4 11.03 1.53 0.84 
Fr (%) 96.37 Fp 87.22  
RBCr (%) 87.79 RBCp 96.55  
Table 7 20ml Mammalian cell 2-pass separation experiment: 23kHz, 17Vpp 
This experiment was conducted with only a single pass as opposed to the previous two pass 
experiments. Recovery was 96.37% and 87.79% for Fibroblasts and RBCs respectively. Purity was 
calculated as 87.22% and 96.55% for the Fibroblast and RBC populations respectively. This 
experiment was conducted in order to investigate the effects of larger initial sample volumes and 
uses a sample volume 4 times larger than experiment 1. 
3.3.2.3 Rare cell capture 
The following experiment was designed to assess the SS as a rare cell capture unit. This experiment 
was conducted thrice using an initial sample volume of 4ml.: twice with 900,000 MDA cells and 
81M RBCs and once more with about 300,000 MDA cells and 30M RBCs due to availability and 
the requirement of maintaining a 1:100 ratio.   
Field conditions were set to 72kHz, 14Vpp during the Selective Capture Stage inducing positive 
DEP in the rare MDA cells (thereby capturing them) and slightly negative DEP in the RBCs 
encouraging them to exit the SS. Flow rate was set to 0.5ml/min. 
Considering the rarity of the MDA cells, a three pass protocol was employed wherein the re-
processed sample was the “Recovered” sample of each pass. This was performed in order to 
increase the purity of the separated rare cells. Both “Recovered” and “Passed Through” samples 
were collected at each pass; the “Recovered” sample obtained during pass 1 was topped up to 3ml 
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with DI water before reprocessing in pass 2; the “Recovered” sample obtained during pass 2 was 
topped up to 2ml with DI water before reprocessing in pass 3.   
“Recovered” sample collection at each pass (Release Stage) was only performed with a wash 
medium in pass 1. Subsequent passes had no wash medium to avoid sample dilution that would 
make rare cell counting difficult. The SS had a residual volume of about 1.2ml post Selective 
Capture Stage and the device was manually aerated to eject the contents. 
Figure 31 presents the percentage of RBCs in the sample as well as the Recovery (labelled as 
separation efficiency) after each pass as averages across the three runs. 
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Figure 31 Rare mammalian cell 3-pass capture: 72kHz, 14Vpp, 0.5ml/min 
Figure 31 (A): At the start the initial sample contains 98.95% RBC cells. After one pass this figure 
drops down to 95.47%. The second pass drops to 75.59% with the final 3rd pass dropping it down 
to 59.48%. Figure 31 (B) shows the Recovery (labelled separation efficiency) of each pass with 
respect to the initial sample, recorded at 82.59%, 98.02% and 99.14%. The MDA Recovery values 
were 68.82%, 57.67% and 49.02%. 
The 3-pass protocol took about 20minutes to complete. 
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3.3.3 Boundary condition experiments 
3.3.3.1 Cell loss and viability experiments 
SS cell loss and viability was assessed by passing a sample of cells through the SS under no field 
conditions. In experiment 1, samples were collected as aliquots intermittently throughout the 
experiment. In experiment 2 the entire output was collected as one sample. In the former, sample 
cell concentrations were measured to assess its consistency. In the case of the latter cells were also 
checked with Trypan Blue (Thermo-Fischer) for viability. The results are compiled in Table 8 and 
Table 9 below.  
 EXP1 1ml/min EXP2 0.5ml/min 
Time after experiment 
starts (minutes) 
cell concentration 
(1million cells/ml) 
cell concentration 
(1million cells/ml) 
0 2.67 2.7 
1 2.745 2.88 
3 2.58 2.76 
5 2.9 2.94 
10 2.88 2.46 
15 - 3.06 
20 - 3.18 
Table 8 Loss collection experiment: 12ml sample at 3million live yeast cells/ml 
Table 8 Initial Sample and Conditions: 12ml, 3M live yeast cells/ml, no applied field, 0.1ml aliquots 
collected at the cited time points. This experiment was performed once at each flowrate, 1ml/min 
and 0.5ml/min. The average concentrations were 2.76 ± 5% and 2.85 ± 8.4%, respectively. 
       EXP1 1ml/min EXP2 0.5ml/min 
 Input Output Output 
Concentration 
(1million cells/ml) 
4.83 4.48 4.55 
Volume (ml) 10 9.96 9.98 
No. of Cells (1million cells) 48.3 44.62 45.41 
Cell viability (%) 97.22 98.55 96.83 
loss (%) - 7.62 5.99 
Table 9 Loss and viability experiment: 10ml sample at 5million live yeast cells/ml 
Table 9 Initial Sample and Conditions: 10ml, 4.83M live yeast cells/ml, no applied field. Sample 
collection was composed of the entire SS output. This experiment was performed once at each flow 
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rate, 1ml/min and 0.5ml/min. Cell viability was recorded at 98.55% and 96.83%, Cell loss at 7.62% 
and 5.99%, respectively. 
3.3.3.2 Saturation experiments 
Saturation experiments were carried out to find out how many cells the SS could trap before nearing 
capacity hindering it from operating optimally. 
Experiment Parameters: Saturation experiments were conducted using live yeast cells at 
concentrations of about 4.9, 27, 59 and 107 million live yeast cells/ml. The lower two 
concentrations runs were at a sample volume of 16ml while the higher two concentrations at 8ml. 
The samples are fed into the SS at 1ml/min and positive DEP was induced at 900kHz and 17Vpp 
throughout the experiment.  
Data Collection: 0.1ml samples of the “Passed Through” were taken at time points 0,1.5 and every 
2 minutes thereafter during the experiment for the lower two concentrations and time points 0,1.5 
and every 1 minute thereafter for the higher concentrations. Samples were taken more regularly at 
the higher concentrations in order to find the saturation point more accurately. Once the entire 
sample has passed through the SS, the DEP field is switched off and the SS is washed with clean-
cell less DEP medium in order to release the trapped cells forming the “Recovered” sample.  
Experiments at each initial concentration was conducted three times however aliquots samples were 
only taken for the first run. Subsequent runs relied on “Recovered” sample collection. Figure 32 
shows aliquot concentrations of the first run. Table 10 shows the number of cells counted in the 
“Recovered” sample as an average of the three runs. 
Live Yeast Cells (million cells/ml) Recovered cells (Million cells) 
107 359 ± 13.3 
59 321 ± 9 
27 279 ± 12.2 
4.9 50.3 ± 6.6 
Table 10 SS saturation data: Average of three runs reported ''Recovered'' values or trapped cells 
Table 10 shows the number of cells counted in the “Recovered” samples of each experiment. The 
initial sample concentration is also listed. The lower two concentration samples were 8 ml volumes 
while the higher two were 16ml. 
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Figure 32 SS Saturation data 
Figure 32 shows the results of the first set of experiments: one experiment per initial sample 
concentration: 4.9 (blue line), 27 (green line), 59 (purple line), 107 (red line) M live yeast cells/ml). 
Aliquots were taken intermittently throughout the experiment. Field conditions were set to attract 
and capture the cells, thus cell concentrations can be seen at first to be dropping as the initial sample 
is processed indicating that cells were being captured.   
The x-axis represents the volume processed or spent, starting at 0 when none of the initial sample 
has been processed and ending when the entire initial sample volume has been processed. The two 
lower starting concentration samples had volumes twice the size of the higher ones. The 
experiments are colour coded and are presented alongside the total number of captured cells 
(counted in the “Recovered” sample) e.g. the 107M cells/ml starting sample captured 355M cells. 
3.4 Discussion 
The SS device introduced in this chapter was intended to be a cheap, handheld, high performance 
and throughput cell separating device. The first two characteristics have been met by design. The 
SS costs under a 100GBP to make and stands at about 14cm in height and 5cm in diameter. The 
latter two characteristics were investigated by conducting the aforementioned experiments, the 
results of which are discussed herein. 
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3.4.1 Exploratory experiments 
The exploratory experiments were conducted with either live yeast (Figure 20, Figure 22 and Figure 
24) or dead yeast (Figure 23) or a combination of the two (Figure 21). The cells were subjected to 
no DEP, positive DEP and negative DEP conditions and samples were collected at the output during 
the experiment for analysis. These experiments were carried out to investigate the response cells 
would exhibit when the SS field was set to induce one of three conditions: either no effect, induction 
of positive DEP, or induction of negative DEP. Based on our understanding of DEP we expect cells 
under the influence of positive DEP to remain near the sources of high potential while those under 
the influence of negative DEP are repelled from it. We observed the change in responses in each 
of the experiments as quantified by the change in the number of cells collected in 0.1ml aliquots at 
the outlet at different times during the experiments. 
In the case of Figure 20 0.6M live yeast cells were prepared in 5ml of DEP medium and passed 
through the SS at 1ml/min. During the positive DEP phase (area between the vertical purple and 
black lines) a sudden decrease can be observed between the two data points. This means that fewer 
live yeast cells were found at the outlet during this time. We assert that this translates to a 
detainment of the live yeast cell deficit within the SS. i.e. the live yeast cells having come into 
contact with positive DEP conditions within the SS have become captured within the wells of the 
3D chip within the SS.  
In contrast when negative DEP conditions are set right after, the data points show a rise in live 
yeast cell numbers at the outlet, even exceeding the original input concentration of 0.6M cells/ml. 
We believe this is because the negative DEP field has induced negative DEP in both the incoming 
live yeast cells as well as the previously retained live yeast cells thus expelling the live yeast cells 
from the SS. It should be noted that the first point was recorded as being below the prepared 
concentration of the sample and we think this is a result of dilution with residual DEP wash medium 
which would have been done prior to the experiment coupled with a delayed response due to outlet 
tubing length. The delayed response hypothesis seems to be further supported by the fact that the 
first point after positive DEP conditions are set shows a slight increase followed by a much larger 
decrease in live yeast cells. In order to avoid such delays in readings in the future the outlet tubing 
of 5cm was reduced to a length of 1 cm. This experiment gave us a rough response outline. In order 
for a more detailed view a longer experiment was conducted. 
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Figure 24 plots the result of an experiment involving 10ml of live yeast fed through the SS at 
1ml/min under the conditions of 1Mhz and 11.8Vpp. These conditions were to induce positive DEP 
within the live yeast cells and observe the responses over a longer sample volume. The first reading 
of about 1.3M cells/ml is recorded with no DEP field on. The purple vertical line signifies the point 
at which the field is switched on. There is a sharp decrease of about 50% which happens during the 
first two minutes after the field is applied, after which the next recorded concentration was 7 
minutes into the experiment at about 370,000 cells/ml, a decrease of 75.33% from the original 
concentration. The second recorded point is somewhat higher than the first sample point, this may 
be due to the fact that the device and tubing was washed with cell-less DEP medium prior to the 
experiment, some of which may have diluted the initial concentration during the experiment. It may 
also have been due to perturbations to the system because of the imperfect vertical pump 
arrangement. Future pre-experiment cleaning of the apparatus was done with the experimental 
sample prepared as the cleaning medium rather than cell-less DEP medium such that if any mixing 
does happen it does not lead to dilution.  
Figure 22 also shows the results of a live yeast cell experiment under the effects of positive DEP. 
However it involves an even larger sample volume and samples taken at more regular intervals 
(every two minutes) in order to assess what happens after the initial drop in concentration observed 
in the earlier experiments. The purple vertical line represents the change in field conditions from 
off to 900kHz and 16Vpp. The first point is recorded at about 360,000 cells/ml, after two minutes 
the concentration has dropped by 50%, which drops by another 50% after an additional 4 minutes. 
Beyond this point there are vibrations in the results forming a baseline of 183,333 cells/ml (±25%) 
which is 50.8% lower than the input concentration. These vibrations could be a result of the 
instability of the input syringe pump (a horizontal pump propped up against weights). Increasing 
the number of readings would provide a more accurate measurement of cell trapping. The fact that 
the cell concentration persistently drops to about 72.22% of the original concentration (100,000 
cells on the last recorded point) we think that this is the attractive strength of the SS at these 
conditions and the vibrations are a result of the pump moving mid experiment, causing small sharp 
pressure rises within the SS which in turn causes the SS to expel some of its otherwise withheld 
cells.  
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It should also be noted that the second recorded point was not higher than the first point which 
suggests that the dilution hypothesis and new cleaning routine implemented after the previous 
experiment may have been effective in explaining and relieving the anomaly.  
The experiments of Figure 22 and Figure 24 demonstrate that the SS can create strong positive DEP 
responses within the live yeast cells when positive DEP field conditions are created. 
The next experiment will assess SS performance with regards to dead yeast in order to ultimately 
use the SS with a heterogeneous solution of live and dead yeast and measure their responses in 
tandem.  
Figure 23 shows the results of an experiment involving about 1M dead yeast cells/ml in 18ml of 
DEP medium. The sample is pumped through the SS at 1ml/min. Samples are taken at the outlet at 
intervals during the experiment. This experiment was divided into two main sections, the first to 
induce positive DEP in the dead yeast cells and the second to induce negative DEP. The first point 
is taken with no DEP field. The purple vertical line signifies the point at which the field is set to 
10kHz and 15Vpp while the black vertical line signifies the point at which the field is tuned to 
1MHz and 11Vpp. During the 10kHz, 15Vpp portion of the experiment there is a general downward 
trend in the sample concentrations culminating at about 32% of the starting concentration. 
Therefore during this period, as dead yeast cells enter the SS, the number of dead cells leaving the 
SS decreases by 68% over this 8 minute period. We argue that this is the result of the DEP field 
inducing positive DEP within the dead yeast cells attracting them to stay within the SS electrodes 
and being removed from the sample stream through the SS. 
The second half of the experiment is conducted under field conditions of 1MHz and 11Vpp 
(signified by the black vertical line) and samples are taken for the next 8 minutes. The 
concentrations then rises sharply to almost double the input concentration. This suggests that not 
only the incoming dead yeast cells are exiting the SS but that the dead yeast cells captured during 
the first half of the experiment are also being released back into the stream and exiting the SS. The 
last recorded point is of lower concentration than the one immediately before it (the maximum 
concentration point). This may signify that most of the captured dead yeast cells have been released 
and the exiting concentration is gradually reducing to the input concentration. A longer experiment 
would be necessary in order to verify this.  
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This experiment shows that the SS can provide an environment to effectively manipulate dead yeast 
cells, retaining them at positive DEP conditions of dead yeast and expelling them during negative 
DEP conditions of dead yeast. Having already demonstrated the same capabilities with regards to 
live yeast, the next experiment would be to exercise control over a heterogeneous solution of live 
and dead yeast and observe their behaviour together within the SS. 
Figure 21 This experiment uses a 20ml sample of live and dead yeast prepared at about 6M live 
yeast cells/ml and 5.4M dead yeast cells/ml. The sample is fed through the device at 1ml/min and 
two main phases were set and samples taken at the exit throughout the experiment, the first sample 
as always taken with no DEP field present. The first phase, signified by the vertical purple line, has 
field conditions of 900kHz and 11Vpp. Previous homogeneous experiments at these conditions 
have resulted in the live yeast cells being retained within the SS and the dead yeast cells passing 
through to the exit. The second phase, signified by the vertical black line, sets the field at 10kHz 
and 13Vpp. Previous homogeneous experiments at these conditions resulted in the live yeast cells 
being encouraged to leave the SS while dead yeast cells were being retained.    
Reading the data in Figure 21, the first phase sees a steady decrease in live yeast cells, most of 
which happens across the first two minutes achieving a low of 0.2M cells/ml after 10minutes, a 
69.23% decrease. The dead yeast cell concentration is seen to hover around the 0.468M mark ± 
14.96% very close to the input dead yeast cell concentration suggesting that the dead yeast cells 
going into the SS are exiting, repelled by the DEP field. The behaviour observed by the live and 
dead yeast cells in a sample together was similar to that observed when the cell sample was 
homogeneous. 
The second phase data shows the live yeast cell concentration increasing consistently culminating 
at about 0.47M cells/ml. In contrast the dead yeast cell concentration dropped to about 0.2M 
cells/ml over the end of the experiment dropping by 60% over 7.5minutes. In this experiment the 
live yeast cells did not increase above the starting concentration during phase 2. This may be 
because of the presence of the dead yeast, perhaps creating an initial obstacle for the live yeast cells 
as they struggle to get either closer or further from the electrodes resulting in a slower release of 
cells. Alternatively it may be because the sample medium was exhausted before the next reading 
could have been taken which may very well have increased to a point higher than the initial 
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concentration. Further experiments would have to be conducted in which the sample medium is 
increased in order to assess this.  
Only one reading is taken with no DEP field conditions to establish a baseline. Wherein normally 
a minimum of three points would have been recorded at new conditions, in light of the loss 
experiments carried out in this work, it was felt to be unnecessary. This experiment has 
demonstrated that the SS is capable of manipulating both live and dead yeast towards opposite 
intents (either being retained within the SS or encouraged to exit) simultaneously within a 
heterogeneous sample.  
The exploratory experiments were carried out prior to a reliable vertical pump arrangement being 
constructed. A horizontal pump was instead propped up against large weights as a rudimentary fix. 
This proved to be an unreliable means to an end. Experiments were often cut short or resulted in 
uneven flow as the flowrate pressure perturbed the pump. This hindered the production of reliable 
repetitions. However, the accumulated work provided enough of a basis and insight into what can 
be reasonably expected of the SS response to merit progression to the next set of experiments, 
performance experiments.  
The main findings of the exploratory experiments were as follows: 
(i) Comparing the results of Figure 20 with that of Figure 22 and Figure 24 flow rates 
of 1ml/min performed as well as those of 0.35ml/min, considering cell responses. 
(ii) The SS is a DEP based cell separator: it was able to induce behaviour in cells as 
per the guiding theories of DEP.  
The exploratory experiments results showed that the SS operated as hypothesised. The SS was 
capable of generating DEP fields which could induce either positive or negative DEP. Cell 
subpopulations were influenced which was communicated via an observed decrease or increase of 
their concentration at the output during the experiments. These experiments validate continuing 
onto the performance experiments to separate one heterogeneous solution into two homogeneous 
solutions. 
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3.4.2 Performance experiments 
Three sets of performance experiments were carried out to achieve high Recovery and Purity 
separation: (1) live and dead yeast separation (2) 5ml and 20ml mammalian cell separation and, (3) 
rare cell capture. The first two experiments were identical with the exception of the sample cell 
subpopulations and therefore will be discussed together under section 3.4.2.1 Validation, and rare 
cell capture is discussed in section 3.4.2.2. 
3.4.2.1 Validation experiments 
In this section, the live yeast and fibroblasts cells will be referred to as the positive DEP 
subpopulation while the dead yeast and RBCs will be referred to as the negative DEP 
subpopulation. 
In both the yeast cell and mammalian cell experiments about 1:1 heterogeneous samples were 
processed by the SS with the objective of achieving two distinct homogeneous samples. 
Considering the end products of each experiment, it can be said that the objective can be achieved 
by the SS and multiple pass protocols if not was achieved. Figure 33 shows a simplified breakdown 
of the results. 
 
Figure 33 Separation results overview 
The SS was able to achieve highest recovery values in the “Recovered” sample however higher 
Purity >93% was achieved in the “Passed Through” samples. If high purity samples are required in 
separation applications, the results suggest that the SS could best achieve it through processes in 
which the cells are under negative DEP conditions. However this may not always be possible, due 
to the cellular responses of a particular heterogeneous sample. In which case, considering the 
changes in the results of pass 1 to pass 2, higher “Recovered” sample purities could be achieved by 
reprocessing the sample. Reprocessing the “Recovered” sample would strip out waste cells and 
increase the purity thereby delivering high performance separation.  
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Performing one pass, resulted in Recovery values of 73.88-89.54% and Purity values of 75.58-
91.26%. Comparing these results to those of established cell separation techniques, the one pass SS 
separation performed better than density centrifugation but inferior to FACS. However, given SS 
throughput was much higher than FACS and did not require extensive sample preparation or 
machinery start up time, a second pass could be and was conducted. 
A second SS pass resulted in positive DEP subpopulation and the change of performance values as 
compared to a single pass are shown in Figure 34. 
 
Figure 34 Separation results: One pass vs two passes 
The objective was to collect positive DEP influenced cell subpopulations (hitherto, +ve cells) in 
the “Recovered” sample and the negative DEP influenced subpopulations (hithero, –ve cells) in the 
“Passed Through” sample. The first pass was conducted and a certain number of +ve cells were 
captured and removed from the stream through the SS. However not all available +ve cells were 
captured therefore the sample was re-processed. The results show a successful and significant 
increase in +ve cell Recovery. As +ve cells are added to the “Recovered” sample, they are removed 
from the “Passed Through” sample resulting in the increase in –ve cell Purity. 
Another effect of a second pass of the “Passed Through” sample was a slight decrease in –ve cell 
Recovery which was accompanied by a proportional decrease in +ve cell Purity. While the second 
pass allowed more +ve cells to be captured, it also allowed some –ve cells thus decreasing the 
Purity of +ve cells and similarly decreasing the Recovery of –ve cells. It should be noted that this 
might not always be the case in two pass protocols. Passes that reprocess the “Recovered” sample 
instead of the “Passed Through” sample would lead to increased Purity.  
Based on the validation experiment results, reprocessing “Passed Through” samples increase +ve 
cell Recovery and therefore would be conducted when the goal is to maximise +ve cell capture. 
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However when the “Recovered” sample is reprocessed such as is the case in the rare cell 
experiments, +ve cell Purity is emphasised. There need not be a hard compromise between Purity 
and Recovery. Considering the SS high throughput, multiple pass protocols might be employed: a 
specified number of passes of the “Passed Through” sample to maximise +ve cell Recovery 
followed by reprocessing of the resultant “Recovered” sample to maximise +ve cell Purity.  
The Performance results show that SS separation is flexible and fast allowing several separation 
protocols to accommodate any one application with high performance value. 
A comparison of the 5ml and 20ml mammalian cell separation experiment 
The 5ml and 20ml experiments were identical to one another except for the larger initial sample 
volume size. The 20ml experiment was conducted in order to investigate any effects of larger 
sample volume size. Considering the results of Table 6 and Table 7, the Purity of the +ve cells and 
the Recovery of –ve cells were higher in the 20ml runs. This on its own may not seem significant 
especially since the 20ml experiment was only conducted once. However it was also observed that 
the SS would retain a small residual volume post Selective Capture Stage and prior to the Release 
Stage. These two observations may be related. The SS was a custom built device however it 
employed a standard (BD) syringe plunger. The plunger tip was canonical matching the geometry 
of a BD flute expelling any contained fluid however within the SS the canonical plunger met with 
a flat surfaced 3D chip forming cavities in which fluid might linger after the plunger is fully 
inserted. Figure 35 depicts labels this zone as A and B in addition to zone C a second cavity that 
could potentially retain fluid. 
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Figure 35 Dead zones within the SS, A and B form dead zone 1, C is dead zone 2 
During an experiment, should a sample linger within zones A and B after the Selective Capture 
Stage, it would be plausible that this sample had not passed through the 3D DEP chip. This would 
mean that it would not be processed or separated and would have the same proportion of cells as 
the initial sample. Zone C however is located downstream of the 3D chip, suggesting that its 
contents had been processed and it would be –ve cell rich. With the outlined separation protocol, 
any contents of zone A, B and C would be collected within the “Recovered” sample, contributing 
towards its cell count. Therefore processed –ve cell rich zone C and unprocessed high –ve cell 
concentration zones A and B would skew the “Recovered” counts which ought to represent the +ve 
cell rich cells within the 3D DEP chip. 
As these zones are fixed in volume, their effects would be reduced in larger initial sample volumes. 
This might explain the slightly improved results of the 20ml over the 5ml run. Despite these zones, 
SS performance remains very high, however it is recommended that future design updates eliminate 
them. 
3.4.2.2 Rare cell capture 
Preliminary runs of the 1:100 360,000 MDAs suggested that a one pass protocol would achieve 
maximum MDA Recovery and the SS would no longer detect MDAs in additional “Passed 
Through” reprocessing. Therefore the “Recovered” sample was reprocessed with emphasis on 
achieving high Purity on the MDAs captured and pulled out of the stream during pass 1.  Figure 31 
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shows a three pass protocol reduced the % of RBCs from 99% of the total sample to 59.48% over 
three passes. This shows the SS was able to enrich a 1:100 MDA: RBC sample to an almost 1:1 
ratio, a 100 fold enrichment. However this information on its own was not enough, the absolute 
number of MDAs was also calculated and presented as Recovery (labelled separation efficiency, 
Figure 31 B). The first pass had a Recovery of 68.82%, after the second pass it dropped to 57.67% 
and finally was 49.02% after the third pass. This decrease in Recovery was reasonable and likely 
as a result of the reprocessing of the “Recovered” sample allowing opportunity for previously 
captured cells to escape. 
Other noteworthy results include the RBC percentage drop which was smaller as a result of pass 1 
than the subsequent passes. This may be because of the extremely high concentration of cells 
hindering the SS from pulling out MDA cells from the stream resulting in relatively high 
proportions of RBCs which was reduced to smaller and more manageable concentrations over the 
subsequent passes. Additional passes at various concentrations would need to be conducted for 
verification.    
The three pass protocol enriched a 1:100 sample to about a 1:1 with a Recovery of 49.2% of rare 
cells. It is worth noting that these experiments were only conducted over the course of two days as 
opposed to the validation experiments which spanned a few months. Armed with the fundamental 
SS operation knowledge gained during the validation experiments, it would be reasonable to 
assume that finding optimised future experiment conditions would take much less time, however 
two days for a new application (rare cell capture) was far too short to achieve optimal operation. 
Despite the short time and strained MDA supply the experiments were data rich and could 
contribute towards optimising results in a short time frame: 
1. When counting the post experiment samples, two separate samples must be prepared in order to 
have two different dilution ratios, one for the rare cells, and another for the abundant cells. 
2. The SS has a lower limit with regards to the cell concentration and cells it can detect and 
influence under DEP most likely somewhere in the region of 15,000 cells/ml. This must be 
considered alongside the SS volume requirement of about 3ml of processing sample. 
It would be reasonable to project that further passes would purify the sample further. The number 
of passes would have to be optimised for Purity and Recovery. It is important to note that cells have 
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not been lost, the remaining 50.8% of the rare cells are in the “Passed Through” samples and can 
be combined and reprocessed potentially increasing the number of captured MDA cells achieving 
Recovery > 75%. Each pass took less than 5 minutes. In the event that additional passes are 
undesirable, the results from three passes have resulted in a 100 fold enrichment and could be used 
as a preliminary enrichment prior to established high performance separation devices such as FACS 
or MACS. 
3.4.3 Boundary condition experiments 
Two sets of boundary condition experiments were conducted. The first sought to assess the SS cell 
loss and viability while the second investigated the saturation or limit of the 3D well chip within 
the SS i.e. how many cells could the SS capture while maintaining optimal performance. 
3.4.3.1 Cell loss and viability experiments 
Considering Table 8: The 1ml/min experiment the output concentration was found to be at 2.76 ± 
5% cells/ml while the 0.5ml/min output concentration was at 2.85 ± 8.4%. In the case of the former, 
the average output concentration was at 3.37% of the first recorded value. In the case of the latter, 
the average was at 5.7% of the first recorded value. The consistence of the output concentration 
under no field conditions rules out any interference from the SS that might bias results during 
separation experiments. 
Considering Table 9: Cell losses were recorded at 7.62% and 5.99% for the 1ml/min and 0.5ml/min 
flow rates respectively. Values much lower than that of FACS and MACS. The missing cells may 
still be in the device or lost during sample collection. If it is the former multiple pass separation 
protocols could aid in reducing the number. The viability of the live cells collected at the output 
was 98.55% and 96.83% for the higher and lower flow rates, respectively. In both cases the results 
show that the SS did not affect cell integrity as it passes through the device, a good sign for a cell 
separator. 
3.4.3.2 Saturation experiments 
Two approaches were taken during these experiments. Four experiments were conducted one at 
each of 4.9, 27, 59, and 107 M live yeast cells/ml which were fed into the SS, while the SS, set to 
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positive DEP conditions, captured and removed them from the stream. In the first approach, 
aliquots were collected at the output during the experiment. The aliquots were counted and 
monitored for changes that might indicate SS saturation. The second approach did not take aliquots 
and relied instead on the Release Stage. Once the entire initial sample had been processed, the 
“Recovered” sample was collected, counted and analysed relative to the concentration of the initial 
samples. The Aliquot approach also collected “Recovered” sample data. It was conducted once, the 
results of which were compiled in Figure 32. The sans-aliquot approached was conducted thrice 
the results of which were compiled in Table 10. 
Considering the Aliquot approach in Figure 32, The 4.9M live yeast cells/ml (in blue) dropped in 
concentration maintaining the lower concentration throughout suggesting that the SS was 
continually and comfortably trapping the incoming live yeast cells. Therefore we conclude that 
saturation was never reached. The 29M live yeast cells/ml (in grey) also dropped steadily, 
maintaining a low output concentration suggesting normal functionality until 13.5ml of the initial 
sample had been processed, at which point a sudden surge (150% from the previous point) of 
concentration was measured. This may suggest that saturation had been reached manifested as SS 
cell rejection. However the cell concentration at the next point was still low, possibly making the 
previous point an outlier. It is also plausible that saturation was attained, all the wells were full of 
cells, and as more cells entered the SS, the incoming flow pushed both the new cells and the trapped 
cells out of the SS resulting in the increased concentration followed by a secondary low 
concentration. 
The 59M cells/ml sample (purple) a sudden surge can be seen at 5.5ml into the sample wherein the 
concentration increases by 300% although still remaining below the input concentration. 
Subsequent samples continue to rise in concentration possibly indicative of imminent saturation. 
The 107M live yeast cells/ml (red) had its first increase in output concentration after 3ml was 
passed. An increase of 38% in concentration followed by 61% and 100% at each subsequent 
aliquot.  
Considering inherent output variations, the arbitrary assignment of what percentage increase would 
be seen as a “spike” in output indicative of saturation, this method was not further pursued, rather 
replaced with the “Recovered” sample count as a more accurate indication of saturation compiled 
in Table 10. The 4.9M cells/ml input trapped 50.3 ± 6.6 M cells while the same volume at a 
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concentration about 5 times higher, the 27M cells/ml trapped a proportionally higher number of 
cells, 279 ± 12.2 M cells. The higher two concentrations however did not show the same 
proportional increase in trapped cells. The 59M cells/ml trapped 321 ± 9 M cells while the 107M 
cells/ml, about double the input concentration, trapped 359 ± 13.3 M cells. Since only an 11.8% 
increase was seen in “Recovered” cells after doubling the input concentrations, this would suggest 
that the SS had reached capacity.  
A cautious estimation would put the SS upper limit at about 300M cells. The SS can trap 359 ± 
13.3 M cells however this is was achieved with decreasing efficiency. The capacity of the normally 
functioning SS would likely lie between 279 and 321 M cells, the values of the ‘’Recovered’’ cells 
of the 27M cells/ml and the 59M cells/ml runs. This capacity is sufficiently high to address the 
needs of modern cell separation applications. 
3.5 Conclusion 
This chapter outlined the steps involved in building the Syringe Separator (SS) and the experiments 
conducted to investigate the SS’s capabilities. The SS achieved a high performance level, 
demonstrating the ability to separate cells both mammalian and otherwise in a two-pass protocol at 
up to a separation efficiency of 97 % and a purity of 98% at speeds of 1ml/min. Losses were 
minimal often below 7% and saturation was at about 300M cells. Furthermore it showed promising 
results with regards to preliminary rare cell capture experiments at a ratio of 1:100 in which the 
sample was enriched to about a 1:1 ratio. 
The SS is a powerful separation device in a form factor that is cheap and capable of processing 
realistic volumes that would be directly practical to real modern applications. The device does not 
require intense training to operate however it is not at “plug and play” level either. It is 
recommended that future SS improvements include automation and given access to a library of 
cross-over frequencies. Additionally, sample cartridges could be developed requiring the user to 
insert the cartridge and known cell subpopulations while the SS searched for and set the ideal 
separating parameters automatically. 
Further improvement has been identified in the form of plunger interface re-design to eliminate 
dead zones. The SS has also been built with additional 3D DEP chip insertions. A second or 
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multiple SS bases each embedded with a uniquely addressable 3D DEP chip potentially allowing 
for simultaneous separations to take place in increasingly complex cell samples.  
The SS results are comparable to the objectives outlined in the introduction of this work and those 
of the established cell separation techniques and even exceeding them in some instances. The 3D 
DEP electrodes used in this work suggest a step wise improvement in the way DEP cell separation 
is approached and its limitations perceived. It is predicted that the SS will easily lend itself to many 
applications. Separation applications would not be restricted to cells but could extend to nanowires 
and potentially any other micro component. Chapter 5 Syringe Separator Real Applications, 
presents two examples of conducted external applications demonstrating the usefulness and 
potential of the SS as a fundamental piece of equipment in every laboratory.  
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Chapter 4  3D Separators II: flow parallel to 
field 
This chapter presents a novel DEP electrode geometry termed the Canyon. The Canyon consists of 
multiple layers of metal and non-metal surrounding a channel through which a heterogeneous 
solution of cells may flow. A DEP field is created within the Canyon and used to direct the flow of 
negative and positively DEP influenced cell subpopulations to their corresponding outlets thus 
achieving a continuous flow separation. 
Two DEP separators were built and tested. The first separator is created by drilling a Canyon into 
the 3D DEP well chip of chapter 3 thus following a different approach in which the flow of cells 
will be parallel to the applied DEP field and not orthogonal. This separator is termed the Chip-
Canyon. The second separator is termed the Plotter-Canyon, made of ROBO Pro-Cutter Plotter 
printed layers of metal and non-metal film, superimposed to create the electrodes. 
The ROBO Pro-Cutter Plotter device offers a novel micro-electrode fabrication technique also 
presented herein. The device is cheap and user-friendly, allowing complex electrode designs to be 
printed within seconds on a wide range of materials using a small blade set into a motor.  
4.1 Concept and design 
4.1.1 Canyon concept 
The Canyon design was adopted for the purposes of continuous flow separation, defined by the 
ability to simultaneously output both the cell subpopulations under the influence of positive and 
negative DEP at separate outlets. This eliminates the need for two phases of capture and release as 
described with the SS under chapter 3. This can be desirable for cases in which processes must be 
continually running or under constant monitoring. To achieve continuous flow separation the 
electrode design was such that they would converge around one outlet and diverge around the other. 
This would allow the first outlet to output the cells under the influence of positive DEP, as they 
would have gathered to the converged electrodes, while the second outlet would simultaneously 
output those cells under the influence of negative DEP, gathering in areas away from the electrodes. 
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A tadpole electrode design was chosen to achieve this, a schematic of which can be seen in Figure 
36. Furthermore the electrode design also consisted of superimposed layers, creating more depth 
which was done in order to increase the processing volume while also adding electrodes 
strengthening DEP field coverage of each cross section which would lead to improved separation.  
This section describes a new device to select for and manipulate cells thereby achieving enrichment. 
Two such devices are presented in this work: The Plotter-Canyon and the Chip-Canyon. Both 
Canyons have the same electrode structure and therefore the functioning hypothesis governing both 
devices is the same. The only discerning factor would be the electrode geometry, two different 
types of which were selected: tadpole and rectangular.  
The tadpole electrodes are shown in Figure 36. The channel is exposed to the electrodes all along 
the tadpole perimeter. This geometry was conceived with the concept of continuous flow separation 
in mind. One inlet is set into the start of the tail through which a cellular solution may enter. For 
simplicity let us consider a two cell type solution, green cells and pink cells. Once the cells enter 
the tadpole channel they are exposed to the DEP field created by the electrodes. 
 
Figure 36 A depiction of the hypothsised influence and outcome of cells passed through activated 
tadpole electrodes 
The key to tadpole Canyon separation lay within the ability to induce either positive or negative 
DEP within one cell type to the exclusion of all others. In this example positive DEP is induced in 
the green cells and negative DEP in the pink cells.  
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As the solution is passed through the channel, green cells are attracted towards the areas of high 
potential gradient i.e. the electrode edges (the perimeter of the tadpole), while the pink cells are 
repelled by the areas of high potential gradient and pushed away from the edges of the electrodes 
and into the centre of the channel. Two outlets are set in the tadpole, one at the opposite end to the 
inlet, nearest to the electrode edge (outlet E of Figure 36) and another in the centre of the head of 
the tadpole (outlet C of Figure 36), maximising the distance from the electrode edges.  
As the solution moves through the tadpole, with green cells moving closer to the perimeter and 
pink cells being pushed into the centre, it is hypothesised that the positive DEP population will be 
collected at the outlet E while the negative DEP population would collect at outlet C thus achieving 
a separation of one cell type from others. 
The tadpole electrode geometry was designed for continuous flow separation purposes. In contrast 
the rectangular electrode geometry was designed for batch observation. The rectangular electrodes 
are built with no inlet or outlet. A cellular solution is loaded into the device and the electrodes are 
powered to create the DEP field while under microscopic observation. The rectangular electrode 
geometry was designed as a means of initial assessment of the separation hypothesis, when secured 
would provide validation for subsequent experiments of continuous flow separation experiments 
using the tadpole geometry. 
4.1.2 Canyon electronics 
Both Canyons are made of alternating layers of metal and non-metal with an inset Canyon channel 
wherein DEP separation would take place. In order to observe DEP, the cells must be subject to a 
non-uniform field. Each electrode layer is printed to taper either to the right or to the left creating 
‘’wings’’ serving as electrical connection points thus providing an electrical potential gradient. The 
non-uniformity results from the height disparity between the electrodes connected to the high and 
low potentials. A schematic of an assembled set of electrodes is shown in Figure 37. The cross-
sectional view shows the non-conductive adhesive sheets and the conductive metal sheets of the 
electrodes on the left and right. The non-uniform electric field is generated between the two 
electrode cliffs wherein sample flow also takes place.  
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Figure 37 The Canyon electrical structure with a potential difference set across it     
4.1.3 Canyon electrode production 
Two production methods were tested. Plotter-Canyon electrodes were made using a Cutter Plotter 
(shown in Figure 39), while Chip-Canyon electrodes were made by drilling a channel into 
industrially manufactured 3D DEP well chip electrodes (introduced in chapter 3). 
An example of both the Plotter-Canyon electrodes and the Chip-Canyon electrodes can be seen in 
Figure 38. 
 
Figure 38 Tadpole channels (A) Cutter Plotter fabricated electrodes (B) 3D DEP well chip electrodes. 
This work presents the Graphtec ROBO Pro Cutter Plotter Figure 39 as a novel, cheap and rapid 
method of prototyping complex electrode geometries. The Cutter Plotter consists of a motor 
mounted blade which translates software drawn designs onto the user’s choice of material.  
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Figure 39 Graphtec ROBO PRO Cutter Plotter 
A schematic of the aforementioned tadpole and rectangular electrode geometries are shown in 
Figure 40. The designs were drawn on the Cutter Plotter software allowing the Cutter Plotter to cut 
or “print” out the electrode layer. It can then be lifted off of the printing material. Multiple layers 
are printed and superimposed creating 3D electrodes. Variations of these two main designs were 
made and explored in order to optimise the fabrication process. 
 
Figure 40 Drawings of a teardrop Canyon (Red) and rectangular Canyon (Blue) (inset dimensions in 
cm) 
The Chip-Canyon electrodes were built by drilling the tadpole and rectangular channels onto the 
industrially manufactured 3D chip. The similar channel geometry was chosen to allow direct 
comparison of the two electrode manufacturing techniques in terms of separator performance.  
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4.2 Designs 
Once the respective Canyon electrodes were manufactured, they were assembled and integrated to 
build the Canyon DEP separators. Seven models of Plotter-Canyons were made, each about the 
size of a 2-pence coin with slight modifications towards optimisation. In contrast only two Chip-
Canyons were made due to limited drilling access. Completed Plotter-Canyons are shown in Figure 
41 and completed Chip-Canyons are shown in Figure 42. 
 
Figure 41 Completed Plotter-Canyon models 
Figure 41 A Shows the first Plotter-Canyon built, employing the rectangular electrode channel. The 
width and length stand at 9x20mm. The metal layers were made of common kitchen Aluminium 
foil while the non-conductive layers were made of double adhesive film (Lohmann). Variations of 
this design were built ranging from a 1-4 mm channel in order to assess both the Cutter Plotter’s 
printing resolution as well as the DEP field penetration into the width of the channel. A rounded 
rectangle was chosen as the channel shape as the only requirement was a simple cavity in which a 
sample could be introduced. The electrodes were affixed on a glass slide without a top glass slide. 
It was made of three layers. This Canyon was used as a proof of concept with the sole purpose of 
observing DEP underneath the microscope. The overlapping of the layers on this design was 
initially performed by hand, this frequently resulted in short-circuits and misalignment and was 
resolved by the building of the stacking stands of Figure 46.  
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Figure 41 B shows the first tadpole electrode based Plotter-Canyon. There is a trade-off between 
throughput and the strength of the DEP field within the Canyons. Increasing the number of layers 
will increase throughput as the volume of the channel would be increased, however an associated 
increase in device capacitance would result in a voltage drop leading to a weaker DEP effect. 
Considering that the minimum number of layers to build the electric circuit of Figure 37 is two 
layers, three layers was considered a suitable starting point. The layers were superimposed using a 
four-pin stand wherein 4 small circles framed the channel serving as alignment reference points. 
The width and length of the Canyon’s stood at 9x20 mm. The tail (narrow pathway at the inlet) was 
1mm in width while the tadpole head (ellipsoid shape at the end of the tail hosting the outlets) was 
3mm at its widest point. The 1mm tail width was chosen as the minimum measurement as this was 
the minimum printing dimension that did not compromise cut quality. It was also chosen as the 
floor value because this work aims to produce high throughput separation devices and creating 
smaller channels would restrict flow. The 3mm head width was chosen to allow efficient outlet 
placement, one at the electrode edge and one sufficiently far apart from the electrodes in order to 
create the separation pathways described earlier. 
Figure 41 C shows a tadpole electrode Plotter-Canyon model similar to the first but with 
significantly reduced wing (the protruding parts of the electrodes at either side) size. Since these 
served only as electrical connection points this model was built with the intention of saving material 
and affording a smaller surface area which could potentially reduce electrical shorting and 
capacitance. 
Figure 41 D’s model offers a further adjustment to the electrode wings. The wings of each layer 
are spaced out rather than overlapped atop one another. A wire is affixed across each wing of either 
side in order to create the electrical connectivity. This was done in order to allow for individual 
shortage testing in the assembly stage after each subsequent layer. A short could be more easily 
identified and either remedied or the entire assembly discarded and replaced saving time and 
material. 
Figure 41 E shows a tadpole Plotter-Canyon with reduced electrode surface area. In previous 
models, the common area between each layer covers the entire width of a glass slide (25mm). This 
model reduces the width to 6mm. The electrodes exposed in the tadpole channel create the DEP 
field therefore other areas were not necessary. Additionally, decreasing the common surface area 
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of the electrodes was hypothesised to decrease the capacitance of the device which in turn would 
reduce the voltage drop, increasing DEP field strength. This model was constructed using the mould 
stand (Figure 46 B).  
Figure 41 F shows a three-outlet tadpole Plotter-Canyon. This was designed in order to balance the 
fluidic pressures within the system. Initially, experimental apparatus involved a single pump to 
push fluidic samples through the Plotter-Canyons. Creating consistent flowrates at both outlets of 
the earlier two-outlet Plotter-Canyons was done through manual manipulation of outlet tubing 
height. Eventually a second syringe pump was built to pull through one of the two outlets allowing 
for more precise control over outlet flowrates. In the interim, a three outlet Plotter-Canyon was 
built. It was hypothesised that one of the edge outlets would serve as a pressure purge and would 
not flow, thus allowing free flow through the remaining two outlets, one designated for the positive 
DEP population and the other the negative DEP population.  
Figure 41 G shows a tadpole electrode Plotter-Canyon using Copper tape as the electrode metal 
material instead of aluminium foil. Double adhesive film as well as store print paper were used as 
insulators between each metal layer. Initially aluminium was chosen as the preferred metal film as 
it came in 300mm width sheets making it very easy to load the material into the Cutter Plotter (the 
Cutter Plotter carrier sheet width is about 300mm and had to be covered in its entirety). Although 
copper tape had a width of 50mm, it provided a more sturdy crinkle-free material (which made 
printing easier) which was used in order to compare the two materials. 
Seven main models of the Plotter-Canyon device were constructed. In contrast, only two Chip-
Canyons were constructed. As the Chip-Canyon electrodes were industrially pre-fabricated, 
changes could not easily be made to the structure and it was considered sufficient to have one for 
microscopic observation purposes, the rectangle Chip-Canyon, and one for continuous flow DEP 
separation, the tadpole Chip-Canyon. The completed tadpole electrode based Chip-Canyon is 
shown in Figure 42. 
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Figure 42 (A) Assembled Chip-Canyon (B) 3D DEP well chip electrodes with machined tadpole 
channel set in casing base unit (C) the top half of the Chip-Canyon casing, with affixed inlet and 
outlet tubing 
The tadpole tail channel is 1mm in width and the head is 2cm at its widest. The 3D DEP chip was 
placed in a cavity at the base of a Perspex casing which stood at 3.5x4.5 cm (Figure 42 B). A water 
tight seal was formed using an O-ring set around the channel and affixed to the top half of the 
casing (Figure 42 C). Two plastic screws held the chip in place and four Allen bolts piece the top 
and bottom Perspex casing together. The casing has two etched paths for wires (green wires in 
Figure 42) to make the necessary electrical connection to the chip. Inlet and outlet tubing is affixed 
to the top half of the Perspex casing enabling continuous flow through the Chip-Canyon. 
4.3 Cutter Plotter electrode fabrication  
4.3.1 Cutter Plotter software operation 
The Cutter Plotter specific software was called Graphtec Studio. The user is given a work space 
called the “design page” (Figure 43) in which sketches can be made (the electrodes) using a variety 
of tools similar to open source drawing software. 
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Figure 43 Sketches of a tadpole Canyon electrode geometry drawn on the Graphtec Studio design 
page  
Once the geometry was drawn, the cutting parameters are set within the software, mainly the force 
and speed with which the Cutter Plotter blade prints, before selecting the “send to cutter” option, 
found under the ‘’cutter window’’ tab.  Parameter settings are discussed under the experiments 
section. Once the order to print has been given, the hardware then takes over and translates the 
drawn page onto the printing material using a rotor mounted blade.  
A note on the Cutter Plotter software: The software presented in this section is Graphtec Studio 
however a lot of the earlier work was done using its predecessor, ROBO Master-Pro, as the update 
was not yet released. The original software had poor resolution, zooming and inconsistent printing. 
The more recent Graphtec Studio software significantly improved upon its predecessor’s 
shortcomings with improved resolution of 0.1mm and zoom capabilities of up to 3000%, providing 
a powerful and reliable drawing tool. 
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4.3.2 Cutter Plotter hardware operation 
The Cutter Plotter (Figure 44 A) measured 50x15x20 cm and was composed of a horizontal slot, 
through which printing material was fed, a blue blade set within a rail mounted rectangular motor 
(close up in Figure 44 B) and a control panel on the right of the device. The on switch was located 
on the right hand side.  
 
Figure 44 (A) The Graphtec ROBO Pro Cutter Plotter loaded with red store sign paper affixed to a 
carrier sheet (B) close up of the blue blade mounted rotor (C) left roller (D) right roller 
Printing material was affixed to an A3 size “carrier sheet” (Figure 44 A shows the “carrier sheet” 
fed into the Cutter Plotter, carrying red paper). The carrier sheet was made of paper liner with an 
adhesive layer (to affix printing material) and Mylar plastic lining. It provided both grip and 
allowed the Cutter Plotter to ascertain the dimensions of the printing material. Once the carrier 
sheet was loaded with the printing material, it was fed into the Cutter Plotter. One adjustable 
“roller” on either side of the carrier sheet (Figure 44 C and D) were then lowered to provide grip.  
The “Enter” key was then selected from the control panel initiating the measuring sequence. This 
caused the rollers to roll the carrier sheet backwards and forwards until sensors were cleared at the 
front and back of the Cutter Plotter. This motion was translated into printing material length while 
width was calculated based on the distance between the two rollers. Knowing the dimensions of 
the fed printing material allowed the Cutter Plotter software to accurately select printing regions. 
Once these dimensions were read, the status light on the control panel lit green indicating that the 
Cutter Plotter was ready to receive printing instructions from the software. 
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4.3.3 Electrode assembly 
The printing materials chosen were alternating layers of metal (aluminium or copper) and non-
metal film (double adhesive or a combination of double adhesive and store print paper). The double 
adhesive had two protective covers on either side, one of which was removed and the resulting 
sheet affixed to the carrier sheet, exposed side up. The metal film was then affixed over the top. 
Once the carrier sheet was loaded with the printing material, it was fed into the Cutter Plotter and 
the electrodes were printed.  
 
Figure 45 (A) Printed Electrodes with left and right wings (B) Remains of printing material when 
electrodes are removed (C) The prepared and removed electrodes (D) The removed waste material 
tadpole channel 
Two printed electrodes can be seen in Figure 11 A. The electrodes are then gently lifted away from 
the rest of the printing material (Figure 11 B) and the waste elements such as the tadpole channel 
removed (Figure 11 D) resulting in the final electrode layer of Figure 11 C. 
The printed electrodes were then stacked or superimposed to create the electronic circuit. This was 
done in one of three ways: by hand, using the four-pin stand (Figure 46 A) or using the mould stand 
(Figure 46 C)  
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Figure 46 Stacking Stands (A) The four pin stand (B) The four pin stand loaded with two electrode 
layers: a left winged canyon and a right winged tadpole (C) The mould stand (D) The mould stand 
loaded with two electrode layers: a left winged canyon and a right winged tadpole 
Layers were stacked by alternating left and ring winged electrodes. The total number of layers was 
a minimum of three (in order to build the circuit and provide suitable channel depth) and specific 
to each Plotter-Canyon. Initially, layers were stacked by hand but this resulted in poor alignment 
and an uneven channel. The four-pin stand employed four pins as reference points for alignment. 
Electrodes were printed with four 1mm circles frames and fitted over the top, an example can be 
seen in Figure 46 B. This technique was a significant improvement over an assisted method. 
A second stacking stand called the mould stand was also developed, using the channel itself as a 
reference mould through which layers could be fitted. An example of two layers aligned using the 
mould stand can be seen in Figure 46 D. The advantage of the former was that it was impervious 
to any changes to the channel itself, as long as the four framing circles existed. The advantage of 
the latter was a reduced electrode size as the reference for alignment was the channel itself. Both 
stands achieved satisfactory and comparable layer alignment. Once the electrodes were stacked, 
they were lifted off of the stands and ready for integration into the Plotter-Canyon separators. 
4.3.4 Plotter-Canyon construction 
The fluidic system was constructed by sandwiching the stacked electrodes between two 75x25 mm 
glass slides. For Canyons with a reduced surface area, glass slides were cut to matching dimensions 
(such as in Figure 41 E) providing structural stability. The bottom and top most layers of the 
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electrodes were double adhesives and therefore sealed the unit. Clips were also placed over the 
resulting structure overnight to further enforce the seal.  
Prior to sandwiching the electrodes and glass slides however, the top glass slide was drilled to 
include 1mm holes of entry and exit as per the requirements of the specific Plotter-Canyon being 
built. The holes were fitted with transparent 0.56x1.00mm inner and outer diameter tubing affixed 
with epoxy (Araldite). 
The electrical system was completed by gluing wires to the Plotter-Canyon wings with conductive 
epoxy (Araldite). Some Plotter-Canyons employed a common circle between all left layers and all 
right layers which was filled with conductive epoxy connecting the respective layers to the wires, 
(Figure 41 B) while others had spaced out wings over which the wires were glued (Figure 41 E). 
Electrical testing of both wing arrangements showed good conductivity with neither having an 
advantage over the other. 
4.4 Experiments 
This section describes the experimental motivations and procedures divided into four sections. 
Section 4.4.1 covers the Cutter Plotter experiments, section 4.4.2 the Plotter-Canyon experiments 
and section 4.4.3 the Chip-Canyon experiments. Section 4.4.4 details sample preparation.  
4.4.1 Cutter Plotter experiments 
High quality electrode production was defined as being (a) thorough, penetrating the entire depth 
of printing material, without marking the carrier sheet (b) smooth, not shredding the material and 
within the drawn geometry. Three Cutter Plotter settings were of particular importance to creating 
high quality electrodes: Blade type, printing speed and force, the optimisation of which was 
investigated.  
1. Blade type: Two blades were purchased with the Cutter Plotter. The blades and manufacturer 
specification guidelines are given below. 
Blade CB15UB- for printing small characters less than 10mm 
Blade CB09UA- standard blade for cutting vinyl. Suitable for media up to 0.25mm thick 
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Blade performance and suitability was assessed by a visual comparison of prints of a horizontal 
3cm line at a range of blade speeds and forces. Both speed and force were set in increments of 5 on 
the software defined range of 0 to 30 (corresponding to 1-60 cm/s and 20-300gf, respectively).  
2 and 3. Cutting Force and Speed: These parameters were optimised by visual assessment against 
the aforementioned criteria of high quality electrode production. For aluminium prints: 5-increment 
combinations of force and speed (initial value 5, final value 30) were set to print a 1mm circle 
within a 2mm square so as to examine both rounded and sharp geometry printing. For copper prints, 
5-increment combinations of forces between 15 and 25 and speeds between 5 and 15 were tested. 
Each print was performed twice and the ideal settings were chosen based on consistency and high 
quality printing. 
4.4.2 Plotter-Canyon experiments 
Plotter-Canyon experiments were designed to assess their performance as DEP based separators. 
The motivations and procedures of four experiment categories are presented herein. Section 4.4.2.1 
describes the observational experiments in which the objective is to observe DEP. Section 4.4.2.2 
describes the fluid flow experiments which aimed to achieve a consistent and controllable flow rate 
through all outlets. Section 4.4.2.3 describes the performance experiments which were designed to 
achieve DEP enrichment and separation. Finally section 4.4.2.4 describes the material comparison 
experiments in which aluminium and copper based electrodes are examined underneath a scanning 
electron microscope (SEM) in an effort to learn more about their suitability as electrodes. 
4.4.2.1 Observational experiments    
Observational experiments were conducted as a proof of principle, to assess whether the Canyon 
hypothesis was correct at least as far as the observation of DEP. Cell samples were prepared and 
placed within channels of rectangular Plotter-Canyons (Figure 41 A). The Plotter-Canyons were 
connected to a function generator and sequentially set to positive and negative DEP conditions 
(pertinent to the sample) and the channel was observed underneath a microscope. Four different 
Plotter-Canyon widths were employed: 1mm, 2mm, 3mm and 4mm to see whether and how DEP 
response would be affected by channel size. Medium conductivity was not controlled but was 
typically at about 1mS/m.   
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Experiment 1:  
Sample: Green fluorescing polymer microspheres (Duke Scientific Corp, 3.1µm diameter) 
suspended in DI water. 
Field Conditions: 7V and 300kHz for 3 minutes (to induce positive DEP) followed by a reduction 
to 100kHz for a further 3 minutes (to induce negative DEP).  
Experiment 2:  
Sample: A solution of 1M live yeast cells/ml suspended in DI water 
Field Conditions: 8Vpp and 1MHz for 10 minutes (to induce positive DEP) followed by a change 
to 8Vpp and 40kHz (to induce negative DEP) for 3 mins. 
4.4.2.2 Fluid flow experiments 
Fluid Flow experiments were pertinent to the tadpole Plotter-Canyons and were important to 
establish to ensure uninterrupted and reliable experiments. Three methods were investigated to 
provide consistent, equal and controlled fluid flow from the outlets and are outlined in this section. 
All three methods the inlet flow rate was set by an inlet syringe pump. The first relied on manual 
manipulation of the outlet tubing heights, the second involved securing outlet heights using a 
custom built unit, and the third employed an outlet syringe pump.   
1. Manual Flow Rate Manipulation: Outlet flow rates were controlled by manually changing the 
relative heights of the outlet tubing. Each outlet output was collected and measured at different 
inlet flow rates, and relative outlet tubing height over a fixed period of time to assess the success 
of this method. 
2. Plotter-Canyon Housing: Like the last experiment, the limiting factor here was also relative 
outlet tubing height, however instead of purely manual manipulation, a custom built Plotter-Canyon 
housing unit was employed (Figure 47). The Plotter-Canyon was held securely within a 75x25mm 
cavity (Figure 47 C) and the outlet tubing was fed through holes within two height adjustable arms 
(Figure 47 A). The unit was made of Perspex, facilitating microscopic observation, and fitted with 
rotating wire holders (Figure 47 B). 
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Figure 47 The Canyon Seat: (A) adjustable arms through which outlet tubing was fed (B) electric 
connection points (C) cavity to house tadpole Plotter-Canyon 
Experimental procedure involved collecting the output over a fixed period at various inlet flow 
rates and arm heights. The output flow was observed and volumes measured to assess whether 
equal and consistent flow rate was achieved. 
3. Outlet Pump Flow: This experiment employed a secondary pump positioned at the outlet. A 
schematic of the setup can be seen in Figure 48.  
 
Figure 48 Flowchart of the outlet pump flow configuration 
The bespoke outlet syringe pump was able to push or pull at either 0.5 or 0.25ml/min. Therefore 
the input flow rate was adjusted to 1 and 0.5 ml/min, respectively under the assumption that the 
free flowing outlet would produce exactly half of the input flow rate. Both outlets were observed 
during the experiments for consistency and their output volumes measured in order to assess the 
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hypothesis. The outlet pump was also switched over to the second outlet and the experiment 
repeated to investigate any outlet pump placement effects. 
4.4.2.3 Performance experiments  
Performance experiments were designed to achieve enrichment and separation which are herein 
presented in three categories. The first category deals with homogeneous samples of cells under 
the effect of either positive or negative DEP. This was done in order to appraise the Canyon design 
hypothesis with regards to the fate of the cells (cells under the effect of negative DEP being led to 
outlet C while those under the effects of positive DEP cells led to outlet E). The second category 
of experiments were designed to enrich a heterogeneous sample of cells. The third and final 
category tested Plotter-Canyon cell loss and viability. 
Instrumentation Setup 
A tadpole Plotter-Canyon connected to supporting instrumentation is shown in Figure 49 A. A close 
up of the connected tadpole Plotter-Canyon is provided in Figure 49 B.  
 
Figure 49 (A) tadpole Plotter-Canyon and supporting instruments (B) Tadpole Plotter-Canyon close 
up 
The following description is made with reference to the lowercase lettered labels of Figure 49A: 
The inlet of the tadpole Plotter-Canyon (a) was connected to a primary syringe pump (Razel) (b) 
while one of the two outlets was connected to a custom built secondary syringe pump (c) powered 
externally (d). A signal generator (e) was connected to a custom built amplifier (f) powered 
externally (h). The signal was monitored with an oscilloscope (g). 
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1. Homogeneous Enrichment Experiments: The purpose of these experiments were to verify the 
aforementioned Canyon design hypothesis: Cell subpopulations under the effect of negative DEP 
would be repelled from the electrodes and collected at outlet C while those under the effect of 
positive DEP would be attracted to the electrodes and collect at outlet E. As such homogeneous 
samples of live yeast were prepared and passed through the Plotter-Canyons at either positive or 
negative DEP field conditions. Two samples were taken comprising of the output of each outlet 
over the course of the experiment. Sample cell concentrations and volumes were measured to assess 
the overriding hypothesis. 
Four experiments were conducted, each a total of two times. All experiments had a 3ml input 
sample of 110,000 live yeast cells/ml. Inlet flow rate was set to 0.5ml/min and outlet flow rate was 
set to 0.25ml/min in all cases. Live yeast cell positive DEP conditions, when employed, were 
950kHz and 19Vpp and negative DEP conditions were 8kHz and 19Vpp. Unless otherwise 
specified, the outlet syringe pump was connected to outlet E. All experiments were performed using 
the Plotter-Canyon of Figure 41 G. 
Experiment 1: Positive DEP conditions were set for the duration of the experiment. This experiment 
was carried out to assess positive DEP responses in live yeast.   
Experiment 2: The outlet syringe pump was connected to outlet E. Positive DEP conditions were 
set for the duration of the experiment. This experiment was conducted to investigate any 
measurable differences between connecting the outlet pump to outlet C or E. 
Experiment 3: Negative DEP conditions were set for the duration of the experiment. This 
experiment was carried out to assess the negative DEP response of live yeast. 
Experiment 4: The signal generator was switched off for the duration of this experiment. This 
experiment was carried out to serve as a baseline measuring live yeast cell distribution between the 
two outlets without DEP intervention. 
2. Heterogeneous Separation Experiments: The objective of these experiments was to evaluate 
the Plotter-Canyons as potential cell separation devices. Binary heterogeneous samples were 
prepared and passed through the Plotter-Canyon set to field conditions that would induce opposite 
DEP responses within the two subpopulations. Measurements were taken in the form of aliquots 
intermittently during the experiment (experiment 1) as well as in the form of the entire output 
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collected throughout the experiment (experiment 2). The former was performed to observe real-
time responses and the latter, to assess whether enrichment or separation had taken place. 
Experiment 1: The aluminium based tadpole Plotter-Canyon of Figure 41 B was used in this 
experiment. 2ml of about 2M cells/ml and 1:1 ratio live and dead yeast suspended in DI water was 
prepared and pushed through the Plotter-Canyon at 0.3ml/min. No outlet syringe pump was used, 
instead equal outlet flow rates were achieved through manual flow rate manipulation. This 
experiment had two equal length phases. During phase 1, the signal generator was set to 9V and 
1MHz (positive DEP conditions for live yeast and negative for dead). During phase 2 it was set to 
7V and 100kHz (opposite DEP effects of phase 1). 0.1ml samples were collected at each outlet 
throughout the experiment. This experiment was conducted in order to observe the simultaneous 
DEP responses of both cell subpopulations during the experiment and to different field conditions.     
Experiment 2: The copper based tadpole Plotter-Canyon of Figure 41 G was used in this 
experiment. 3ml of about 110,000 live yeast/ml and 125,000 dead yeast/ml suspended in DI water 
were prepared and pushed through the Plotter-Canyon at 0.5ml/min. The output syringe pump was 
connected to outlet C and set to 0.25ml/min. The signal generator was set to 950kHz and 18Vpp 
(positive DEP conditions for live yeast and negative for dead). The entire output of each outlet was 
collected, measured and tabulated. The objective of this experiment was to assess whether the 
Plotter-Canyons were governed by the Canyon hypothesis, directing the positive DEP 
subpopulation (live yeast in this case) to outlet E and the negative DEP subpopulation (dead yeast 
in this case) to outlet C, thus achieving separation. 
3. Cell Loss and Viability Experiments: Low cell loss and high viability are desired qualities of 
cell separators especially when using rare cells. Two experiments were conducted to assess these 
parameters. In both cases, 3ml of about 2M live yeast cells/ml were passed through the Plotter-
Canyon at an inlet flow rate of 0.5ml/min. The outlet syringe pump was connected to outlet C and 
set to pull at a flow rate of 0.25ml/min. The signal generator remained switched off. Two samples 
were taken comprising of the output at each of the two outlets over the course of the experiment. 
Experiment 1 was performed once for each tadpole Plotter-Canyon of Figure 41. The sample 
concentration and volume were measured and losses calculated. Experiment 2 was performed twice 
for each of the two Plotter-Canyons of Figure 41B and G. Sample volume and concentration were 
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measured and losses calculated. Additionally, cell viability was also assessed using Trypan Blue 
(Thermo Fischer) to check for dead cells. 
4.4.2.4 Material comparison experiments 
Most Plotter-Canyon designs were made using aluminium over copper as the conductive metal, 
mainly due to the ease of loading the carrier sheet with aluminium. Aluminium came in 300mm 
wide foil rolls whereas the copper was 50mm wide tape making it much harder to cover the A3 size 
carrier sheet. However this was a small distinction therefore both aluminium and copper Plotter-
Canyons electrodes were constructed and examined microscopically to gather more information.   
Experiment 1: Aluminium Plotter-Canyon electrodes and copper Plotter-Canyon electrodes were 
both bent lengthwise down the middle to expose the channel electrode edges upwards. The samples 
were analysed using a bifocal microscope for indications of superiority of one or the other. 
Experiment 2: Aluminium Plotter-Canyon electrodes and copper Plotter-Canyon electrodes were 
both cut lengthwise down the middle creating two halves. The halves were then analysed in a 
scanning electron microscope (SEM, Jeol JSM7100F) for a more detailed image of the channel 
exposed layers.  
4.4.3 Chip-Canyon experiments 
This section details the two categories of experiments conducted using the Chip-Canyons. Both 
categories of experiments involved passing a homogeneous solution of cells through the Chip-
Canyon set to either positive or negative DEP inducing field conditions. In the first category, 
enrichment experiments, the output samples were collected and measured. The second category did 
not collect any samples and instead relied on microscopic observation. Both experiment categories 
were conducted to assess whether the Chip-Canyon operated under the aforementioned Canyon 
hypothesis. 
4.4.3.1 Enrichment experiments  
Homogeneous live yeast samples were used in these experiments and passed through the Chip-
Canyons in an effort to assess whether the Canyon hypothesis applied. Experiments were conducted 
with positive and negative DEP conditions to gather more information.  
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Both the rectangular and tadpole Chip-Canyons were tested. Samples collected during tadpole 
Chip-Canyon experiments comprised of the total output of each outlet plus a third sample 
consisting of a 1mm wash of the chip (with no applied field) after the initial sample had passed 
through. Samples of the rectangular Chip-Canyon experiments were comprised of the total output 
at the outlet. All samples were measured for volume and cell concentration in order to compare 
against the initially prepared sample. 
Rectangular Chip-Canyon Experiments: 5ml of 1.35M live yeast cells/ml was passed through 
the rectangular Canyon at an inlet flow rate of 0.3ml/min. Each experiment was repeated once. In 
experiment 1, no field conditions were applied, in order to serve as a baseline point of comparison. 
In experiment 2 and 3, the signal generator was set to 900kHz and 14Vpp. In the outlet tubing was 
inserted at the topmost past of the channel while in the latter the tubing was inserted deeper into 
the middle of the channel. These experiments were conducted to ascertain whether tubing insertion 
depth affected the DEP response and cell behaviour as a measure of the concentrations at the outlet. 
Tadpole Chip-Canyon Experiments: 8 experiments were conducted in total. All experiments 
processed a 5ml initial sample. Differences in output between the two outlets was the main focus 
of this experiment therefore initial concentrations were not measured but lay between 0.1-0.3M 
live yeast cells/ml. Inlet flowrate was 0.5ml/min (unless specified otherwise). Outlet flow rate was 
set to 0.25ml/min and connected to outlet E (unless specified otherwise).  
The first experiment was conducted in order to set the baseline for the other experiments and was 
conducted with no applied field conditions (Experiment 1). Experiment 2 applied positive DEP 
field conditions at 900kHz and 10Vpp. These conditions were set to see if the Chip-Canyon 
behaved as hypothesised, directing the live yeast towards outlet E and away from outlet C. This 
could be verified via the collected sample cell counts. Experiments 3 and 4 were repetitions of 
experiment 2 but with different initial sample concentrations. They were conducted for verification. 
Experiment 5 conditions were also similar to experiment 2 however the outlet pump was connected 
to outlet C to investigate any ensuing effects. 
Experiment 6 and 7 employed a “pulsing” applied field: In the former, field conditions were set to 
900kHz and 14Vpp for two minute intervals interspaced by two minute intervals at 10kHz and 
14Vpp; while in the latter, field conditions were set to 900kH and 14Vpp for one minute intervals 
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interspaced with one minute intervals of no applied field. It was thought pulsing DEP field 
conditions would yield cell counts that, upon comparison, might offer more information on how 
cells behaved inside the Chip-Canyon. 
Experiment 8 employed unequal outlet flow rates, in order to see if it affected the cell distribution 
or DEP response. The inlet flow rate was therefore set to 0.4ml/min while the outlet flow rate of 
outlet E was set to 0.25ml/min, and the free-flowing outlet C had a flow rate of 0.15ml/min. Field 
conditions were set at 900kHz and 14Vpp throughout the experiment. 
4.4.3.2 Observational experiments 
Homogeneous samples of live yeast and red blood cells (RBCs) were prepared in volumes of 20ml 
and passed through the tadpole Chip-Canyon. The Chip-Canyon was placed on an inverted 
microscope to allow the user to observe the inside of the tadpole channel. The inlet flow rate was 
set to 0ml/min, 0.1ml/min, 0.5ml/min and 1ml/min, this corresponded with an outlet pump flow 
rate of 0, 0, 0.25 and 0.5ml/min. The outlet pump was connected to both outlets in turn and the 
experiments repeated. For yeast, signal frequencies between 1Mhz and 10kHz were investigated at 
a 16 peak-to-peak voltage. For RBCs signal frequencies of 300kHz and 10kHz were investigated 
at a 15 peak-to-peak voltage. No samples were taken, conditions were varied and cell behaviour 
observed within the channel for signs of DEP.  
4.4.4 Sample preparation 
Most of the experiments described in this chapter were conducted with yeast due to the ease with 
which it could be acquired and its rapid growth rate. Live and dead yeast were prepared and mixed 
when necessary in a 1:1 ratio in de-ionised (DI) water at a concentration typically of 0.1-2 million 
cells/ml. Yeast was grown using Tesco’s freeze dried baker’s yeast grown in a yeast extract 
peptone dextrose medium, (YPD medium, Sigma-Aldrich) set overnight in an incubator at 37 
°C. YPD medium was made by mixing YPD broth with DI water at a 50g to 1L ratio. The mixture 
is autoclaved and allowed to reach room temperature before usage. Yeast cells were killed by 
transferring live yeast in YPD medium to an incubator set to 70 °C for 3 hrs. Yeast was washed 
and suspended in DI water before use in experiments; conductivity was not fixed, but was typically 
at or below 1 mSm-1  
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One set of experiments used human RBCs. This work was briefly given access to a more powerful 
microscope than conventionally used. The laboratory that housed the equipment had a strict no 
yeast policy and therefore ethical approval was sought to use human blood. Blood donations were 
collected from the University of Surrey and RBCs were isolated [84]. RBCs were then washed 
twice in DI water supplemented with 8.5% (w/v) sucrose and 0.5% (w/v) dextrose. Conductivity 
was not set but was typically at or below 7mS/m 
4.5 Results 
4.5.1 Cutter Plotter results 
These are the results of the experiments carried out to find the ideal Cutter Plotter parameters 
required to produce the best quality electrodes.    
1. Blade Type: Two blades were tested, the CB15UB and the CB09UA, by printing a 1mm circle 
within a 2mm square. The printing material used was one electrode layer (double adhesive sheet 
superimposed with one layer of Aluminium film). Cutting speed and force were selected from the 
software provided scale of 0 to 30. The smallest value chosen for speed (S) or force (F) was 5, the 
largest was 30 and all combinations of multiples of 5 were used to test the blades. The two 
assessment criteria were (1) a thorough print penetrating the entire layer, (2) staying within the 
lines of the drawn geometries. Each print was repeated once for verification. 
CB15UB: Generally criteria 1 was met for F>10 while criteria 2 was met for F<10 and S<20. Both 
criteria being met were exceptions to the norm, happening at F of 15 and S of 10 but were not 
consistent in repeated prints. 
CB09UA: Criteria 1 was met for F>10 while criteria 2 was met for F<20 and 15<S>5 Both criteria 
were met in stances of 20<F>10 and 15<S>5 
2. Cutting Force and Speed: Once the better blade type was selected, it was set to creating prints 
of a 1mm circle set in a 2mm square. A set of force and speed combinations in making the prints. 
Each print (aka cut) was repeated once to verify consistency. Table 11 below presents the 
aluminium print data followed by the grading system. 
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Speed Force 
 5 10 15 20 25 30 
5 -1,0 -1,0 1,1 1,0 0,0 0,0 
10 -1,0 -1,0 1,1 1,1 0,0 0,0 
15 -1,1 -1,1 1,1 1,0 0,0 0,-1 
20 -1,1 -1,-1 1,-1 1,-1 0,0 0,-1 
25 -1, -1 -1, 0 1,-1 1,-1 0,-1 0,-1 
30 -1,-1 -1,-1 1,-1 1,-1 0,-1 0,-1 
Table 11 Cutter speed and force experiment results 
The cuts were graded against two criteria, cut depth and cut clarity in that order, as defined below: 
Cut depth: a score of -1 is given if a cut is visible but has not pierced the entire layer, 0 if the cut 
has pierced the backing sheet and a score of 1 if it has made a complete cut without compromising 
the backing sheet. 
Cut quality: a score of -1 is given if the lines of the drawn geometry in the design software are 
transgressed in the cut, 0 if the cut stays within the drawn lines but has shredded edges and 1 if the 
cut is sharp and exactly as drawn.  
For cupper based cuts, all investigated force and speed combinations (15≤F≤25; 5≤S≤15) yielded 
consistently high quality cuts. 
4.5.2 Plotter-Canyon results 
The Plotter-Canyon experiments were conducted to evaluate the devices as DEP based cell 
separation devices. This would also validate the Cutter Plotter as a versatile, fast and cheap DEP 
electrode fabrication technique. Four groups of experiments were conducted: (a) observational 
experiments, (b) fluid flow experiments, (c) performance experiments, and (d) material comparison 
experiments. The results of each are presented in this sub-section. 
4.5.2.1  Observational Results 
Experiment 1: Each rectangular Plotter-Canyon (widths of 1-4mm) was placed underneath the 
microscope and observed for 3 minutes at two field conditions: (a) 7Vpp and 300kHz (positive 
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DEP inducing in fluorobeads), and (b) 8Vpp and100kHz (negative DEP inducing); results were 
recorded as observed if the fluorobeads were seen to move towards and away from the electrode 
edges, respectively and are shown in Table 12.  
Width (mm) Positive DEP Negative DEP 
1 Channel Not Visible Channel Not Visible 
2 Observed Observed 
3 Observed Observed 
4 Observed Observed 
Table 12 Results of fluorobeads DEP experiment using rectangular Plotter-Canyons of various 
channel widths 
Experiment 2: The 2, 3 and 4mm rectangular Plotter-Canyons were tested with 1M live yeast/ml. 
The signal generator was connected to the Plotter-Canyon and set to 8Vpp and 1MHz for 10 
minutes. The signal was then changed to 8Vpp and 40kHz. Screenshots of the top edge of Plotter-
Canyon channel throughout the experiment are shown in Figure 50  
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Figure 50: Images of the top edge of the rectangular Plotter-Canyon channel during a 1M live yeast 
cells/ml experiment at 8V and 1MHz (A) minute 0 (B) minute 4 (C) minute 10 
4.5.2.2 Fluid flow results 
1. Manual Flow Rate Manipulation Results: The inlet syringe pump was set to provide a flow 
rate of 0.1ml/min, this was increased to 1ml/min in increments of 0.1 At each increment three outlet 
tubing heights were set: (a) outlet C higher than outlet E (b) outlet C lower than outlet E, and (c) 
both outlets at same height. In all three cases sticky tape was used to hold the outlets in place. Other 
variables such as inlet pump height relative to Plotter-Canyon and direction of tubing were also 
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considered. The output of both outlets were collected and timed. The aim was to find the 
arrangement that could maintain equal output flow rates at both outlets. The results were as follows: 
The most common case was that the fluid flow would exit exclusively via one outlet over the other. 
No particular outlet was consistently preferred. At times the flowing outlet was observed to have 
spontaneously stopped flowing in favour of the other outlet.  Equal and simultaneous flow rate was 
achieved at 0.3ml/min at the lowest outlet tubing height but only lasted for 1minute. Repetitions 
resulted in similar results. 
Other findings were as such: Lowering an outlet tubing relative to the Canyon-Plotter encouraged 
flow from that outlet, raising hindered. Lower flow rates provided more stable and consistent flow 
although exclusively via one outlet. Air bubble formation hindered a consistent flow. This was 
remedied by priming the Plotter-Canyon with the sample medium using a syringe prior to 
experimentation. Leaks at the inlet syringe pump to Plotter-Canyon junction resulted in flow rate 
disruptions. This was resolved by gluing a needle into the inlet tubing which was in turn attached 
to the inlet syringe set within the syringe pump. The Plotter-Canyon was not flat or stable 
throughout the experiment causing the outlets to move and therefore outlet flow rates to change. 
Tape was used to secure both the Plotter-Canyon to a flat surface and the outlets in place. Initially 
the outlet tubing extended in parallel with the channel and was reset to be perpendicular. This was 
found to make tubing height adjustments easier which in turn encouraged simultaneous outlet flow-
rates but was unable to achieve consistency. 
2. Plotter-Canyon Housing Results: The Plotter-Canyon was placed into the housing and its outlet 
tubing fed through the arms. The inlet syringe pump was set to provide a flow rate of 0.1ml/min, 
this was increased to 1ml/min in increments of 0.1. At each increment in flow rate, three outlet 
tubing heights were set: (a) outlet C higher than outlet E (b) outlet C lower than outlet E, and (c) 
both outlets at same height. Results are as follows: 
The Canyon Seat was able to keep the Plotter-Canyon and its outlets held in place keeping the 
system stable. Simultaneous flow of both outlets was never achieved. 
3. Outlet Pump Flow Results: The custom made outlet syringe pump had two flow rate settings: 
0.25ml/min and 0.5ml/min. Therefore to achieve simultaneous and equal flow rate of both outlets, 
the input syringe pump was set to 0.5ml/min and 1ml/min respectively. 10ml samples of DI water 
3D Separators II: flow parallel to field   Results 
126 
were pumped through the system. The output of both outlets were collected and measured. The 
experiment was performed once for each input flow rate. Initially the outlet pump did not withdraw 
fluid, causing all the flowrate to exit via the free flowing outlet. This was remedied by priming the 
outlet pump syringe with 1ml of DI water prior to experimentation. Table 13 shows the results. 
 Volumes(ml) Pump 
Outlet 
Free 
Outlet 
Inlet Flow Rate    
1ml/min  5.91 4.9 
0.5ml/min  5.88 4.83 
Table 13 Outlet pump fluid flow results: input sample of 10ml of DI water, pump outlet primed with 
1ml 
4.5.2.3 Performance results 
The following calculations were made: 
Recovery =  
desired cells in designated outlet
desired cells in both the designated and undesignated outlets
  
Recovery was the measure with which the efficacy of the separation or enrichment process was 
assessed. For cell subpopulations under the effect of positive DEP, the designated outlet would be 
outlet E while subpopulations under the effect of negative DEP would have been designated to 
outlet C. 
Cell Loss =  
{(Cells fed in)−(cells in outlet C)−(cell in outlet E)−(cells recovered in wash)}
Cells fed in
  
Cell Loss was calculated in one of two ways. In most cases the above equation was used and cell 
loss was calculated as irrecoverable cells for the Canyon as a whole. However the Plotter-Canyon 
cell loss experiments calculated cell loss per outlet for more individual analysis using the equation 
below. 
Cell Loss at Outlet =
(Cells collected at outlet)
(Concentration of initial sample)∗(Output volume of outlet)
  
1. Homogeneous Enrichment Results 
All the experiments of this section used the copper tadpole Plotter-Canyon of Figure 41 G. A 3ml 
input sample of 110,000 live yeast cells/ml was used. The inlet flow rate was set to 0.5ml/min and 
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connected to outlet E, (unless otherwise specified). The outlet flow rate was set to 0.25ml/min. The 
Inlet is labelled A, the centre outlet C (negative DEP population outlet) and the edge outlet E 
(positive DEP population outlet), (see Figure 36 for inlet/outlet labelling). 
Live Yeast, Positive DEP, 
outlet pump connected to E 
         
Inlet/Outlet A C E 
Concentration 
(10,000 cells/ml) 
11 4.5±0.71 9.63±0.88 
Cell count (10,000 cells) 33 5.09±0.8 21.66±1.99 
    
Recovery live yeast (%) 80.98   
Cell loss (%) 10.04   
Table 14 Live yeast sample at 950 kHz and 19Vpp, outlet E connected to syringe pump 
Results of Experiment 1 are compiled in Table 14. The signal was set to 950kHz and 19Vpp 
throughout. These were positive DEP conditions relative to the live yeast. The number of live cells 
collected at outlet E were found to be 4.26 times higher than those of outlet C. This translated to a 
recovery of 80.98%. Overall cell loss was 10.04%    
Live Yeast, Positive 
DEP, outlet pump 
connected to C 
   
Inlet/Outlet A C E 
Concentration 
(10,000 cells/ml) 
11 3.38±1.945 10.38±0.53 
Cell count (10,000 cells) 33 3.71±2.14 22.93±1.17 
     
Recovery live yeast (%) 75.45   
Cell loss (%) 15.57   
Table 15 Live yeast sample at 970kHz and 19Vpp, outlet C connected to syringe pump 
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Results of experiment 2 are compiled in Table 15. The outlet pump was connected to outlet C and 
the same conditions as experiment 1 replicated in order to investigate any effects changing outlet 
pump connection would have. The signal was set to 950kHz and 19Vpp throughout. These were 
positive DEP conditions relative to the live yeast. 6.18 as many live yeast cells were collected in 
outlet E than in outlet C, translating to a recovery of 75.45%. Cell losses were 15.57%. 
Live Yeast, Negative DEP          
Inlet/Outlet A C E 
Concentration 
(10,000 cells/ml) 
11 12±1.41 45±0.71 
Cell count (10,000 cells) 330000 15.48±1.82 10.55±1.66 
    
Recovery live yeast (%) 59.16   
Cell loss (%) 11.61   
Table 16 Live yeast sample at 8kHz and 19Vpp 
The result of experiment 3 are compiled in Table 16. The signal was set to 8kHz and 19Vpp 
throughout. This experiment was designed to investigate the Plotter-Canyon under negative DEP 
conditions. 1.47 times as many cells were collected in outlet C than in outlet E. The recovery was 
calculated as 59.16% and cell losses at 11.61% 
Live Yeast, No DEP          
Inlet/Outlet A C E 
Concentration (10,000 cells/ml) 11 9.75±0.35 6.63±0.53 
Cell count (10,000 cells) 33 12.87±0.47 15.11±1.21 
    
Recovery live yeast (%) 53.99   
Cell loss (%) 10.01   
Table 17 Live yeast sample with no field 
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Results of experiment 4 are compiled in Table 17. Herein, no signal was applied. This was the case 
to provide a numeric baseline representing live cell distribution amongst the two outlets in the 
absence of an applied field such that any changes observed in field present conditions might be 
attributed to the presence of the field. The ratio of cells collected in outlet C to that of outlet E was 
found to be 1 to 1.17. 
2. Heterogeneous Separation Results 
Experiment 1: The aluminium tadpole Plotter-Canyon of Figure 41 B was used. The input sample 
consisted of 2ml of about 2M cells/ml at a 1:1 ratio of live and dead yeast cells. The inlet syringe 
pump was set to 0.3ml/min. No outlet syringe pump was used; equal and simultaneous flow of both 
outlets was achieved manually (due to equipment availability). The experiment involved two equal 
length phases of different frequencies. 0.1ml samples were taken at each of the outlets C and E 
throughout the experiment, counted and plotted in Figure 51 and Figure 52 respectively. This 
experiment was performed a single time due to the difficulty with manually achieving consistent 
and equal outlet flow rates.  
 
Figure 51 Aluminium tadpole Plotter-Canyon separation experiment at a flowrate of 0.3ml/min 
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Figure 52 Aluminium tadpole Plotter-Canyon separation experiment at a flowrate of 0.3ml/min 
Experiment 2: The copper based tadpole Plotter-Canyon of Figure 41G was used in this experiment. 
The input sample used was 3ml of about 110,000 live yeast/ml and 125,000 dead yeast/ml 
suspended in DI water. The input flow rate was set to 0.5ml/min. The output syringe pump was 
connected to outlet C and set to pull at 0.25ml/min. The signal generator was set to 950kHz and 
18Vpp. The entire output of each outlet was collected and measured. The results can be seen in 
Table 16. 
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Live and Dead Yeast, 950kHz 18Vpp          
Inlet/Outlet A C E 
Concentration of Live yeast (10,000 cells/ml) 11 4 10.75 
no. of Live yeast cells (10,000 cells) 33 4.76 24.94 
    
Concentration of Dead yeast (10,000 cells/ml) 12.5 19 4.75 
no. of Dead yeast cells (10,000 cells) 37.5 22.61 11.02 
    
Recovery of Live yeast (%) 84   
Cell loss (%) 10   
Recovery of Dead yeast (%) 67.2   
Cell loss (%) 10.3   
    
Ratio of Live to Dead yeast before separation 1 to 1.136   
Ratio of Live to Dead yeast after separation in 
E 
1 to 0.44   
Ratio of Live to Dead yeast after separation in 
C 
1 to 4.75   
Table 18 Live and dead yeast at 950kHz and 18Vpp 
3. Cell Loss and Viability Results 
Experiment 1: 3ml of about 2M live yeast cells/ml were passed through the Plotter-Canyon. No 
signal was used. The entire output was collected at both outlets, measured and losses calculated. 
Losses were calculated individually at each outlet with 50% of the input cells considered as a 0% 
loss. This experiment was performed once for each tadpole Plotter-Canyon of Figure 41. Results 
are tabulated in Table 19. 
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0.5ml/min input 
flow rate 
Outlet C 
(%) 
Outlet E 
(%) 
Figure 12 Canyon   
B 11.00 8.50 
C 20.2 19.2 
D 8.7 14.4 
E 14.4 9.6 
F 9.6 6.7 
G 17.4 11.4 
Table 19 Cell loss experiments of all tadpole Plotter-Canyons. 3ml samples of 2M live yeast/ml. 
Outlet pump is set to 0.25ml/min and connected to C 
Experiment 2: 3ml of 2M live yeast/ml was flowed through the Plotter-Canyons of Figure 41 B and 
G with no applied signal. The entire output was collected at each outlet, measured and viability and 
losses calculated. This experiment was performed twice for each Plotter-Canyon. 
Inlet: 0.5ml/min 
Outlets: 0.25ml/min each 
Outlet C (%) Outlet E (%) Viability 
Figure 12 Plotter-Canyon    
B 10.90 ±2.59 12.20 ±5.17 97.36 ±1.9% 
G 15.1 ±8.22 11.6 ±5.10 97.47 ±0.2% 
Table 20 Cell losses of a 3ml sample, 2M live yeast cells/ml. Outlet pump connected to C 
4.5.2.4 Material comparison results 
Experiment 1: Both the aluminium and copper based Plotter-Cutter electrodes were prepared and 
examined underneath a microscope. The captured images are presented in Figure 53 with particular 
attention being paid to the exposed layers within the channels 
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Figure 53 Microscopic images of the Plotter-Canyon channels (A) aluminium Plotter-Canyon (B) the 
orientation of the Canyon underneath the microscope (C) a copper Plotter-Canyon 
Experiment 2: Both the aluminium and copper based Plotter-Canyon electrodes were prepared and 
examined using an SEM. The captured images are shown in Figure 54 alongside an analysis of the 
exposed materials. 
 
Figure 54 SEM images looking vertically down onto the electrode layers exposed to the Plotter-
Canyon channel (A) aluminium Plotter-Canyon (B) copper Plotter-Canyon 
4.5.3 Chip-Canyon results 
4.5.3.1 Enrichment results 
Rectangular Chip-Canyon Experiments  
Experiments 1, 2 and 3 passed 5ml of 1.35M live yeast cells/ml through a rectangular Chip-Canyon 
at a flow rate of 0.3ml/min. Experiment 1 did so with no applied signal (establishing a baseline). 
Experiment 2 and 3 were set to 900kHz and 14Vpp to investigate the effects of positive DEP. 
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Experiment 3’s outlet tubing was inserted deeper into the channel than in experiment 2 providing 
a comparison for any effects tubing insertion may have. Each experiment was performed twice. 
The results are presented in Table 21.  
 Concentration of Input 
(Mcells/ml) 
Concentration of Output 
(Mcells/ml) 
Experiment 1 1.35 1.26±0.092 
Experiment 2  1.35 1.27±0.14 
Experiment 3 1.35 1.24±0.31 
Table 21 Rectangular Chip-Canyon experiments, 0.3ml/min inlet flow rate 
Tadpole Chip-Canyon Experiments 
Exp no. Description Cell count, outlet C 
(10,000) 
Cell Count, Outlet E 
(10,000) 
C/E 
1 no DEP 71.61 66.87 1.07 
2 positive DEP pull at C 63.37 66.08 0.96 
3 repeat of 2 38.07 32.76 1.16 
4 repeat of 2 51.83 23.84 2.17 
5 positive DEP pull at E 51.3 56.33 0.91 
6 Pulsing 1: +ve vs no DEP 73.51 54.16 1.36 
7 Pulsing 2: +ve vs -ve DEP 49.14 39.12 1.26 
8 unequal Flowrate 86.36 55.25 1.56 
Table 22 Tadpole Chip-Canyon experiments: 5ml of 0.3M live yeast cells/ml 
Eight experiments were conducted in total. In all cases, 5ml of live yeast between 0.1-0.3M cells/ml 
were passed through at 0.5ml/min. Samples were collected of the entire output at each outlet. The 
cell counts are presented in Table 22. 
 Experiment 1 was performed with no applied field, to form the baseline. Experiment 2 applied 
positive DEP field conditions. Experiments 3 and 4 were repeats of experiment 2 with different 
initial sample concentrations. Experiment 5 also applied positive DEP conditions but was 
conducted with the outlet pump connected to outlet E to investigate any resulting effects. 
Experiment 6 and 7 employed interchanging field conditions under the assumption the variation 
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might help enrichment. Experiment 8 was conducted with unequal outlet flow rates to investigate 
its effects. 
4.5.3.2 Observational results  
Field and flow conditions were varied in these experiments and the Chip-Canyon microscopically 
observed for any cellular responses. Initially only the top most surface of the channel exhibited 
fluid flow while the depths of the channel were stagnant. The tubing was subsequently inserted 
deeper into the channel and experiments resumed. Subsequent observation showed fluid flow 
throughout the channel.  
Most runs showed no observable changes in cell behaviour regardless of the changes in flow rate, 
applied voltage or frequency. There were three exceptions: 
(i) Sighting of an approximately 0.2cm band formation of live yeast cells flowing close to the edges 
of the channel during the last 10 seconds of a run. The conditions were 0.5ml/min, 864kHz and 
13Vpp.  
(ii) Under no flow and positive DEP conditions, RBCs were observed to migrate towards the 
electrodes, however after 10minutes there was still no accumulation of RBCs at the edges. No flow 
and no DEP conditions did not result in any such cell movement.  
(iii) A 0.2cm band of RBCs formed about 0.5cm away from the electrode edge, present only at the 
bottom of the channel and not at the top. The conditions were 350kHz, 16Vpp, 0.35ml/min inlet 
flow rate with the secondary pump pulling at 0.25ml/min at outlet E. A still of the image is 
presented in Figure 55. 
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Figure 55 Tadpole Chip-Canyon with RBCs flowing in a band near the bottom channel edge 
A common phenomena was observed in the live yeast runs, which this work has termed “cell 
hopping’’. All across the edges of the Chip-Canyon cells appear to jump out of the electrode edges 
(seemingly originating from outside the teardrop geometry) with high energy away from the 
electrodes to a distance of about 0.1mm. This was observed at any given flow rate after an extended 
period of positive DEP followed by negative DEP conditions. 
In one live yeast run, conditions were set to 700kHz and 14Vpp and 0.25ml/min flow rate for 8 
minutes before switching the field and flow rate was switched off. Cells began to ooze out from 
outside the channel perimeter. This was observed for 10s before the field was switched back on to 
700kHz and 14Vpp resulting in an immediate and forceful withdrawal of the aforementioned cells 
back outside the channel borders. Closer inspection of the wells of the 3D chip outside of the Chip-
Canyon channel showed accumulations of cells in some of the wells. 
4.6 Discussion 
This work presented a novel electrode structure, the Canyon, and two DEP based cell sorting 
devices namely the Plotter-Canyon and the Chip-Canyon. A novel DEP electrode printing 
technique was also introduced, Cutter Plotter fabrication. The experiments conducted in this 
chapter posed the following questions: 
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1. What are the optimal settings of cutting force, speed and blade type associated with the Cutter 
Plotter which would lead to the best printing outcomes and can it print DEP electrodes?  
2. Are the Cutter Plotter printed Plotter-Canyons and the industrially manufactured Chip-Canyons 
capable of acting as electrophysiological activated cell enrichment devices? How do they compare 
with one another? 
This section will discuss each of those questions in turn with reference to the results. 
4.6.1 Plotter-Canyon  
1. Blade type:  Given the manufacturer’s specifications of both blade types, it was first thought 
that the CB15UB would be the better choice of blade as it is said to be best suited for the design of 
“small characters”. However its usage resulted in cuts straying from the printed line with tears and 
scraping of the material. The CB09UA blade however was able to make clean cuts which penetrated 
the entirety of the printing material within a comfortable working range of forces and speeds. 
Therefore the CB09UA was chosen as the blade with which further experiments were conducted. 
2. Cutting Force and Speed: The experiments designed to find the best cutting force and speed 
combinations involved printing a rounded shape and square shape. These geometries were chosen 
in order to encompass a broad range of shapes that might be used to build electrodes. Five 
combinations of force and speed met both cut depth (creating a thorough cut through the entire 
depth of the printing material) and cut clarity (creating clean, smooth cuts that stay strictly within 
the borders of the drawn geometry) requirements, and these were (20, 15); (15, 20); (15, 25); (20, 
20) and (20, 25).  Repeating cuts at these settings consistently yielded good results. A judgement 
call was made to choose the set that had the lower force (15 over 20) and the middle speed (20 over 
15 and 25), making the choice setting of force and speed (15, 20). The lower force of the two 
available was chosen it created a thorough cut, the higher force although not penetrating the backing 
sheet, did leave an impression which was disfavoured. The middle speed of those available was 
chosen in order to leave a margin between the cut clarity discrepancies observed on either end of 
the speed values. All subsequent aluminium Plotter-Canyon printing was done with a force of 15 
and a speed of 20. 
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The blade type, speed and force conditions selected in this work commend the Cutter Plotter as a 
versatile tool for creating high quality geometries. Equipped with a strong user interface and 
drawing software user’s did not require training in order to operate the device. The device itself is 
no bigger or costly than an ink jet printer. These qualities however favourable, on their own are not 
enough to establish the Cutter Plotter as a method for DEP electrode fabrication.   
To investigate the Cutter Plotter’s suitability for DEP electrode fabrication, the Plotter-Canyon 
electrodes were printed and assembled into a micro-fluidic device. It was designed and 
hypothesised to enrich cellular solutions using a DEP field. If the Plotter-Canyons prove to be 
capable of DEP generation and cellular manipulation then, in conjunction with the aforementioned 
analysis of the Cutter Plotter, it would strongly recommend the Cutter Plotter as a new, robust and 
versatile method of DEP electrode construction. The next section will discuss this added criteria in 
detail.   
4.6.2 Plotter-Canyon 
The Plotter-Canyon experiments were conducted to evaluate the devices as DEP based cellular 
separation devices. In order for the Plotter-Canyon evaluation to be thorough two experimental 
groups are discussed: (a) the experiments directly involved in the cellular enrichment of the Plotter-
Canyon (observational and performance experiments), and (b) the experiments concerned with 
finding the ideal auxiliary operating conditions (fluid flow and material comparison experiments). 
This section offers a detailed discussion of both sets of experiments in that order. 
4.6.2.1 Observational and performance experiments discussion 
Observational Experiment 1: The results showed that fluorobeads underwent both positive and 
negative DEP at Canyon widths greater than 1mm. These Plotter-Canyon electrodes were 
assembled without the aid of the Stacking Stands of Figure 46 as they had not been built yet. The 
1mm width Plotter-Canyon channel could not be seen underneath the microscope, due to the lack 
of alignment the unassisted electrode assembly caused, therefore it was not possible to determine 
whether DEP did or did not take place. In regards to the Canyons of higher than 1mm in width, the 
beads were observed being attracted to the electrode edge and disappearing underneath during 
positive DEP and shooting out from underneath the electrode edges during negative DEP. This 
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disappearance and shooting is hypothesised to be due to the poor method of unassisted electrode 
stacking as well as usage of the old version of the Cutter Plotter software which was not powerful 
enough to draw accurate small scale designs. Regardless, the DEP response was clear encouraging 
further experimentation. 
Observational Experiment 2: The rectangular Plotter-Canyons also showed promising results 
with live yeast samples. Figure 50 shows three stills of a section of the rectangular channel under 
positive DEP inducing conditions at minute 0, 3 and 10 respectively. The initial picture showed no 
gathering of cells, while the second showed an accumulation of live yeast cells pulled in by the 
attractive force towards the electrode edges. Figure 50 C shows clear pearl chaining of the live 
yeast cells. Each chip was used to repeat the experiment twice, showing consistent results and 
promising potential with regards to the robustness of the Plotter-Canyons.  
The Rectangular Canyon experiments were able to produce both positive and negative DEP 
responses within both fluorobeads as well as live yeast cells. These results show that the Plotter-
Canyons could potentially perform as DEP based cell sorters. The results are also a significant step 
towards validating the Cutter Plotter as a method for DEP electrode construction with high 
flexibility and low costs.  
Homogeneous Enrichment Experiments: All four of these experiments have a 3ml input sample 
of 110,000 cells/ml. The inlet flow rate was set to 0.5ml/min. The outlet flow rate was set to 
0.25ml/min. The Inlet is labelled A, the centre outlet C (negative DEP population outlet) and the 
edge outlet E (positive DEP population outlet), (see Figure 36 for inlet/outlet labelling). 
The first experiment (results in Table 14) and the second experiment (results in Table 15) were 
both performed under positive DEP inducing conditions. The difference between the two is that the 
former connected the outlet syringe pump to outlet E while the latter did so to outlet C. The results 
of experiment 1 show 330,000 live cells being split between outlet C and E at 50,900 cells and 
216,600 cells respectively corresponding to a Recovery of 80.98%. This suggests that the live yeast 
cells were acting under the influence of positive DEP and successfully directed towards outlet E 
(the positive DEP population outlet) in preference to outlet C. Experiment 2 showed similar results 
with a recorded recovery of 75.45%. This leads the work to conclude that there was no significant 
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difference with regards to which outlet was connected to the syringe pump and which was allowed 
to flow freely. 
Table 16 shows the results of experiment 3 in which the field is set to 8kHz and 19.2Vpp to induce 
negative DEP in live yeast cells. The results suggest that outlet C (the negative DEP population 
outlet) was favoured however not with as much strength as the induction of positive DEP in 
previous experiments. The Recovery was recorded at 59.16%. This may be due to the nature or 
positive and negative DEP in this particular channel geometry. When positive DEP is induced, cells 
are attracted to the electrodes next to which outlet E is placed allowing easy access. Negative DEP 
on the other hand pushes cells away from the electrodes and while the negative DEP population 
outlet (outlet C) is placed in the centre of the channel, the repellent negative DEP force may not be 
strong enough to push all cells into outlet C depending on the distance of C from the electrodes as 
well as the field penetration. This could be investigated by experimenting with channel and outlet 
tubing widths. 
Table 17 shows the results of experiment 4 in which no field was used. This experiment was 
conducted in order to serve as a baseline establishing what cellular distributions would normally 
occur without DEP intervention. Recovery was found to be 53.99% which means that neither outlet 
was favoured over the other. i.e. under no DEP conditions outlet C and E will collect cells at a 
similar concentration to outlet A (note that the value for the concentration at outlet E is lower 
because outlet E is primed with 1ml of cell-less solution) 
Heterogeneous Separation Experiment 1: This experiment involved passing a heterogeneous 
sample of live and dead yeast cells through an aluminium tadpole Plotter-Canyon. Aliquots were 
taken at both outlets throughout the experiment. The first half of the experiment employed field 
conditions that would induce positive DEP in live yeast and negative DEP in dead yeast while the 
second half had the opposite field conditions. The observations of this experiment were found to 
be aligned with the tadpole Canyon hypothesis.  
Outlet C, Figure 51, shows an increase in dead cells and a drop in live cells in the first half of the 
experiment balanced by the opposite effect at outlet E seen in Figure 52. The results indicate that 
during the first phase, dead yeast cells are drawn towards outlet C while dead yeast cells while live 
yeast cells are drawn to outlet E.  
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The second half of the experiment reverses the responses matching the change in frequency. The 
live cells at outlet C now increase as they are influenced by negative DEP and the number of dead 
cells increase as they are now influenced by positive DEP and a compensating change in the number 
of cells is seen in outlet E.  
The cellular responses appear to happen steadily except in the case of dead yeast cells at phase 1 
of outlet E wherein they increase before dropping rather suddenly. This may be due to a less than 
thorough mixing or an initial lag in the response seen due to the time it takes the sample to travel 
through the outlet tubing. This would be supported by the relatively tentative responses of both the 
live and dead yeast at the start of collection at both outlets. Furthermore the last collection point of 
live yeast in both outlets is significantly higher than the one immediately preceding it. In the case 
of outlet C this is follows the upward trend perhaps as more of the cells previously held near the 
electrodes are pushed into the centre and into outlet C. However it appears to be contrary to the 
declining trend established in outlet E. A possible reason for this could be uneven system pressures. 
This experiment was conducted without the aid of an outlet pump and prone to changes of outlet 
pressure. Such systemic perturbations may have caused a sudden back pressure in outlet C, pushing 
its contents into outlet E. As the measurement in question is the last one of the experiment a longer 
run would be required to investigate this hypothesis.  
Heterogeneous Separation Experiment 2: A heterogeneous solution of live and dead yeast at 
110,000 cells/ml and 125,000 cells/ml respectively was pumped through the Canyon energised to 
950 kHz and 18Vpp. The objective was to separate live from dead yeast with live yeast acting under 
the influence of positive DEP and exiting via outlet E and dead yeast acting under the influence of 
negative DEP guiding them to outlet C. 
The recovery of live yeast cells was found to be 84% comparable to the recovery of homogeneous 
live yeast cells experiments. The prepared sample was at an almost 1:1 ratio of live to dead yeast 
before being passed through the energised Canyon. Furthermore Outlet C was found to contain 
almost 5 times the number of dead yeast cells than live yeast cells. While outlet E contained more 
than 2 times the number of live yeast cells than dead. Outlet C had effectively enriched the negative 
DEP population cells (dead yeast in this case) while Outlet E had enriched the positive DEP 
population by about a factor of 5 (live yeast cells in this case). 
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The experiments thus far have demonstrated that the tadpole Plotter-Canyon is capable of creating 
a DEP field, of selecting for and enriching cells in homogeneous and heterogeneous solutions and 
flowrates of up to 0.5ml/min. The Plotter-Canyon has achieved recovery values as high as 84% 
within 1:1 mixtures of live and dead yeast. The current work shows promising results to justify 
more work to optimise the Plotter-Canyons as cellular separation devices, moreover they satisfy 
the requirements set out in the introduction of this work to validating the Cutter Plotter as a 
powerful electrode fabrication device.    
Cell Loss and Viability Experiments: Table 19 and Table 20 show the loss and viability 
experiments conducted. The losses in these experiments were found to be consistent and within an 
acceptable tolerance. Each outlet averages about 12% loss which is much lower when compared to 
the losses incurred by the conventional separation techniques described in the literature review. 
This indicates that cell counts from following experiments will not suffer from loss biases and can 
be analysed reliably. Furthermore cell viability is consistently high suggesting that cells exit the 
Plotter-Canyons unharmed and unchanged. 
4.6.2.2 Fluid flow and material comparison 
Fluid flow experimental results clearly showed that using a secondary pump to pull at one of the 
outlets alongside an inlet pump to push the sample into the Canyons as the superior flowing method. 
The results of Table 13 showed consistent results in which the input volume of 10ml was equally 
divided between the two outlets. After factoring out the 1ml of priming DI water at the pump outlet 
both outlets were found to have about 5ml of DI water. Only two flow rate settings were tested as 
the custom made secondary pump was required promptly and therefore built with just the two 
settings. Despite this, the pump was still not ready in time for the first set of heterogeneous live and 
dead yeast separation experiments which took place using manual flow rate manipulation. The 
challenge of maintaining a stable flow rate was the main reason only one set of results were 
obtained shown in Figure 51 and Figure 52. 
The aluminium material used was store bought kitchen aluminium foil provided in large rolls. This 
made its application onto the Cutter Plotter carrier sheet very easy and thus was the preferred choice 
of DEP electrode material over copper which came in the form of rolls of tape. The relatively small 
width of the copper tape meant that there was little room for error in communication between where 
3D Separators II: flow parallel to field   Discussion 
143 
the Cutter Plotter was going to make the print and where the copper tape was on the carrier sheet. 
Although slightly more work, this alignment was by no means difficult. Initially aluminium was 
used for electrode construction however many aluminium Plotter-Canyons were found to be 
unresponsive.  
The lack of DEP response could either be the cause of no field within the channel or a problem 
with the fluid dynamics which did not capitalise on the DEP response and direct the cells to 
designated outlets. It was unlikely to be the latter as similar devices had worked in the past, nor 
were the devices shorted which provided no reason to think the problem was the former. Therefore 
Microscopic examination of the unresponsive aluminium Plotter-Canyons against copper Plotter-
Canyons such as in Figure 53 was conducted. It was found that the aluminium electrodes had a 
very jagged edge (Figure 53 A). In contrast the copper based electrodes exposed to the channel had 
straight edges with easily distinguishable layers (Figure 53 B).  
These findings led to the hypothesis that the jagged lines of the aluminium and double adhesive 
films created a pulling and layering of material at this interface. The double adhesive film may have 
been pulled over the aluminium film covering and effectively insulating the metal electrodes from 
the Plotter-Canyon channel. This would explain why no short was detected as the circuit itself is 
intact but the generated field is obstructed from the channel and therefore the cells. If the cells in 
the channel are not exposed to the non-uniform field, no DEP can take place.  
Towards the end of the project, a scanning electron microscope (SEM) became available and an 
opportunity presented itself to further test the hypothesis generated by the microscopic images of 
the Plotter-Canyon channel exposed electrodes. The SEM provided information on layer 
composition and arrangement the results of which were compiled in Figure 54. Figure 54 A shows 
the aluminium Plotter-Canyon. The SEM only picks up aluminium (represented by light green) on 
the outermost edge of the Canyon. The image shows a top down view of the electrode edge exposed 
to the channel, therefore the greenish side represents what would be the top of a Plotter-Canyon 
electrode under normal configuration. This is not the part that is responsible for the electric field 
within the Plotter-Canyon channel. The rest of the SEM image registers as carbon in white, which 
suggests that the double adhesive film has indeed covered all the electrode layer edges lending 
weight to the aforementioned hypothesis.   
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 Figure 54 B shows the SEM scan of the copper Plotter-Canyon. The copper Plotter-Canyon shows 
defined layer boundaries between the adhesive (Carbon in dark blue) and Copper (Orange). This 
corresponds with the straight edges that were observed in Figure 53. The exposed copper metal 
layers suggest that copper Plotter-Canyons would be free to generate an electric field within their 
fluidic channels and therefore expose the cells therein to a DEP field.  
These investigations have led the work to the conclusion that although aluminium Plotter-Canyons 
have been able to achieve DEP cellular enrichment, the viability of building working electrodes is 
higher for the copper canyons. This may be an effect of the source of aluminium (foil). Aluminium 
tape may not have the same tendency to crinkle and allowing itself to be covered by the non-
conductive electrode layer. The electrical isolation may also be a result of the double adhesive 
itself.  
Another suggestion is to interlace the double-adhesive layer with another non-conductive layer or 
using multiple conductive layers such that if the adhesive were to be dragged over the next layer, 
it would be covering another non-insulating layer or only part of the thicker conductive layer. This 
would still allow the conductive layer of the electrodes to be exposed to the fluidic channel which 
would allow DEP to take place. Alternatively electrode printing is so fast and cheap that one could 
simply print more electrodes and look at them underneath a microscope before assembly.     
4.6.3 Chip-Canyon 
This section assesses the Chip-Canyon’s performance as a cell separator. The Chip-Canyon’s 
industrially manufactured electrodes can also be compared to the Plotter-Canyon’s low budget, lab-
made electrodes. It can also be evaluated against the Syringe Separator of chapter 3 as they both 
use the same 3D DEP chip to achieve separation. It would be interesting to compare the orthogonal 
vs the parallel DEP field to fluid flow arrangement. These topics are discussed further with 
reference to each of conducted experiments. 
4.6.3.1 Rectangular Chip-Canyon 
The experiments involving the rectangular Chip-Canyon, compiled in Table 21, show no significant 
change between the input concentration of cells and the output concentration of cells. Since there 
is only one outlet and one inlet, the same volume was collected at the outlet as was fed into the 
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device. This meant, given the same input and output concentration, the number of cells remained 
unchanged as it passed through the device. This led us to conclude that the device did not work.  
The Chip-Canyon electrodes were removed, cleaned with DI water, dried and tested for electrical 
shorts. Electrical shorting was a challenging issue before The Chip-Canyon assembly, which was 
overcome by careful filing of the electrodes exposed to the channel. When the failed rectangular 
Chip-Canyon was electrically tested it was found to be once again shorted. Subsequent filing of the 
channel proved the electrodes too delicate to endure further filing which caused deformation. The 
work concluded that it could not assess the rectangular Chip-Canyon as an cell sorting device 
except to say that the rectangular channel would have to have been created during the initial 
industrial manufacturing of the 3D DEP well chip in order to avoid shorting and allow further 
experimentation.   
4.6.3.2 Tadpole Chip-Canyon 
Enrichment Experiments  
The enrichment experiments using the tadpole Chip-Canyon are shown in Table 22. The first 
tabulated experiment (experiment 1) is one that has no DEP field in order to set a baseline for 
further experiments. The ratio of cells collected in outlet C to those in outlet E is calculated as being 
1.07. A value very close to 1 is good, as it signifies that no outlet was preferred over the other by 
the live yeast cells in the absence of a DEP field. Furthermore washed out cells were at 96,000 
cells, about 6% of the cells entering, which suggests that the tadpole Chip-Canyon allowed almost 
all entering cells to exit. This baseline provides a good benchmark for further tadpole Chip-Canyon 
evaluation as any changes in cell outlet ratio would be a direct result of changing field conditions. 
The following experiment 2 is conducted under 900kHz and 14Vpp field conditions but still yields 
a cell ratio of outlets C/E of 0.95, not significantly different to that established by the baseline of 
experiment 1. This suggests that no DEP manipulation took place or that the Chip-Canyon 
geometry was not able to capitalise on it and guide the manipulated cells towards different outlets. 
Furthermore the washed out cells composed less than 10% of the total cells indicating that no cells 
were retained within the chip.  
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The outlet pump had in thus far been connected to outlet E, therefore experiment 3 connected it to 
outlet C. Experiment 3 yielded a cell ratio of C/E of 0.91, still a value almost at 1, suggesting no 
enrichment had taken place. Experiment 4 took a field pulsing approach in which the field was 
switched between 900kHz and 10kHz every 2 minutes. The intention here was that the pulsing may 
help nudge the cells along and around any obstacles that they may be facing within their path. The 
result was a C/E ratio of 1.26, a 17.8% increase from the baseline ratio. In order to assess this 
change the live yeast recovery was calculated and found to be 44%. The recovery established by 
the baseline was 48%, meaning at 48% recovery, live yeast cells are distributed fairly evenly 
between both outlets, the 44% obtained in this experiment suggests that no enrichment took place.  
Experiment 5 tried pulsing between a 900kHz and 14Vpp field and no signal, with each pulse 
lasting 1 minutes. However the C/E ratio was still too low to justify any enrichment at 1.16. One 
last experiment (experiment 6) was carried out in which the inlet flow rate was set to 0.4ml/min 
while the outlet pump was connected to outlet C and set to pull at 0.25ml/min. This meant that 
outlet E would be flowing at 0.15ml/min. even though this resulted in a higher ratio of C/E of 1.56, 
the concentrations at both outlets remained roughly the same which means that any recorded change 
in cell numbers is a direct result of the higher flow rate and larger collected volume in one outlet 
over the other and not enrichment. 
All enrichment experiments seemed to indicate that the Chip-Canyon was not working. This either 
meant that the DEP field was not being created, or that the DEP field manipulated cells were not 
being guided to different outlets. The tadpole Chip-Canyons were regularly tested for electrical 
shorts pre and post experiments. Often shorts would be found post-experiment when there had been 
none previously. The shorts often resolved themselves when the device was given a good tap 
against a hard surface which suggested that there may be lose components within the chip itself.  
There was no straight forward way to check for the presence of an electric field within the Chip-
Canyon mid-experiment. Considering that the tadpole geometry was found to be successful with 
the Plotter-Canyons, the problem was unlikely to be the geometry either. Therefore the Chip-
Canyon experiments were staged on a microscope to gather more information.  
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Observational Experiments Discussion  
Most observation seemed to indicate that the tadpole Chip-Canyons did not generate a DEP field, 
as no DEP indicative cellular motion was observed in response to changing field and flow 
conditions. The band formation of RBCs in Figure 55 were under positive DEP conditions and yet 
have formed at a significant distance from the electrodes making it unlikely to be a DEP response.  
However, the instance of yeast cells banding closer to the electrodes suggest that there is in fact a 
DEP field. This is again supported by the no flow, positive DEP conditions that led to the migration 
of cells towards the electrodes. There was however no accumulation of cells by the electrodes even 
after 10 minutes of positive DEP and the apparent movement of cells.  
One hypothesis to explain this behaviour is that the cells are moving towards the electrodes, acting 
under the influence of positive DEP, and are sucked into the outside of the channel, into the wells 
of the 3D DEP well chip. This migration could be through compromised small openings within the 
layers of the 3D DEP chip, possibly created during the creation of the tadpole channel. This would 
explain the observations: the cells having migrated to the outside of the chip, begin to fall back into 
the channel when the field is switched off, as there is no longer a positive DEP force to compel 
them to stay near the electrodes. Once the field is switched back on, the cells are once again gripped 
by the force of the positive DEP and quickly sucked back up and out of the channel.    
 
Figure 56 Sketch of a section of Chip-Canyon channel: Green cell exhibiting "cell hopping" within 
the channel, blue cells seen outside channel 
The proposed hypothesis would also explain the “cell hopping” phenomena as cells that have 
transgressed the borders are caught in the electric field created within the layers and propelled 
3D Separators II: flow parallel to field   Conclusion 
148 
upwards, a sketch of which can be seen in Figure 56 (arrow thickness related the observed 
propulsion forcefulness).  
Watching cells disappear and appear from outside the boundaries of the channel is strong evidence 
towards the 3D DEP chip structure having been compromised, likely during channel creation. The 
3D DEP well chip’s compact layers were designed to keep each well isolated from other wells. 
Weighing the post manufacturing stress of creating the tadpole channel and the observed cellular 
responses against the difficulty of reproducing them a second hypothesis could be that the Chip-
Canyon is easily shorted by the nano-movement of the layers or other lose component resulting in 
consistent field generation. This would mean that the Chip-Canyon could switch between states of 
shorted and not shorted which might explain why many observational experiments showed cells 
indifferent to an applied field while others showed a definite response. 
Considering the two hypotheses, it is the recommendation of this work that the tadpole channel be 
incorporated into the 3D DEP well chip during the initial manufacturing process. This would avoid 
compromising the structural integrity which would allow for a consistent field generation which 
would allow more in depth DEP testing. Furthermore it would constrict cells to the tadpole channel 
which might then translate into cell enrichment at the designated outlet. The Chip-Canyon’s built 
by this work are hindered by the problems described and therefore could not be compared to the 
Plotter-Canyon or Syringe Separator of chapter 3. However having identified the obstacle and a 
solution to it, the observations of cellular motion strongly suggest that this work is worth further 
pursuing.  
4.7 Conclusion 
The work presented in this chapter had three objectives: To present a new DEP electrode fabrication 
technique offered by the Plotter-Canyon, to present the first Plotter-Canyon manufactured DEP 
based cell enrichment device, the Plotter-Canyons and to present a second DEP based cell 
enrichment device called the Chip-Canyon both on its own merit and as a comparison of its 
industrially manufactured electrodes vs the “laboratory-made” Plotter-Canyon electrodes. 
Through the course of this work the Plotter-Canyons were able to meet many of criteria set out for 
an enrichment device in the introduction: each Plotter-Canyon cost less than 10 GBP in raw 
materials and took no more than 5 minutes to assemble, was the size of a two pence coin, had been 
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used several times, handled roughly and remained functional. The Canyon has achieved an 84% 
recovery at 0.5ml/min. Given the novel construction method, design and short amount of time the 
Plotter- Canyons have had to develop the results are very promising. Furthermore nothing 
encountered in the work has led to the belief that they have reach the capacity of their capabilities. 
The results and understanding of the Plotter-Canyons acquired in this work, is encouraging, 
suggesting that there is much room for optimisation, improving device performance to the level of 
the syringe separator of chapter 3. Optimisation specifically involving channel width and length, 
number of layers, and varying relative flowrates of the two outlets: The number of layers could be 
increased increasing throughput; Flowrate could be decreased to allow cells more time to be guided 
by the DEP force (thus improving both recovery and purity) without sacrificing throughput; 
Investigations into the effects of the channel length and different relative flowrates between the 
outlets could result in more accurate DEP exposure and better separation. 
The Chip-Canyons showed some very interesting cellular responses which suggested that it was a 
good candidate to becoming a powerful DEP based cell separation device however the work was 
not able to continue without alterations to the electrodes during the initial fabrication stage.  
Additionally the success of the Plotter-Canyons validates a new DEP electrode fabrication 
technique that could add further degrees of freedom to the field. The Plotter-Canyon is a low cost 
and fast producing machine documented in this work. The demonstrated flexibility recommends 
itself as a strong tool in aid of DEP research.
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Chapter 5  Syringe Separator applications 
The Syringe Separator (SS) was designed as an electrophysiology activated cell enrichment device 
also capable of sorting elements on a similar scale as cells. Chapter 3 introduced the SS and its 
experimental verification establishing it as a rapid, cheap and simple device for highly effective, 
high throughput separation processes. The SS is mainly a facilitator, achieving separation of the 
elements involved for specialised uses. This enabling characteristic makes the SS desirable to a 
plethora of fields, anything from separation for therapy or agriculture to electronics. 
This work has attracted the attention of several major groups both commercial and academic 
interested in working with the SS. We undertook two of these projects. The first project involved 
the isolation of T-lymphocyte cells (hereafter, T-cells) from whole blood which would be 
reprogrammed and used in CAR-T cancer therapy. The second required the separation of high 
quality nanowires (NWs) from a mixture of high and low quality NWs, one of the implications of 
which would be that NWs synthesis would no longer be constrained to a trade-off between quality 
and scalability. A third project was also accepted involving stem cell separation. The separated 
cells would be used in research applied to Alzheimer’s disease at the Neuroscience division of the 
University of California Irvine. However the research did not go ahead due to travel difficulties.      
The T-cell isolation project is discussed in the first section of this chapter while NW separation is 
discussed in section 5.2. Each of the two sections discusses the project’s overall purpose and 
objective, followed by an experimental design and ending with a results and a discussion thereof. 
Section 5.3 concludes this chapter with a summary of the SS performance. 
5.1 T-cell isolation 
5.1.1 Introduction 
Cancer is an umbrella term for disease involving abnormal cell growth. The common treatment 
methods (combinations of chemotherapy or radiation alongside surgery) cause harm to healthy 
tissue as well as the abnormal cells. Chimeric antigen receptor T-cell (CAR-T) therapy is a 
relatively new cancer treatment technique which reprograms T-cells to recognise and remove 
carcinogenic cells and re-introduces high concentrations of these T-cells into the patient. 
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Conventionally T-cells are acquired through apheresis of white blood cells (WBCs) which are then 
stimulated to preferentially proliferate resulting in a highly enriched T-cell population after 2 
weeks.  
This project aimed to investigate the feasibility of using the SS as a device for T-cell purification, 
speeding up the process from taking a couple of week to a couple of hours. The project involved 
(1) obtaining WBCs from whole blood through centrifugation, (2) using the SS to separate T-cells 
from the WBCs and (3) as verification of the SS separation process, the separated samples were 
then analysed using a FACS machine to ascertain the contents of the separation products.  
5.1.2 Materials and methods 
5.1.2.1 Sample preparation 
6ml of whole blood was donated by 4 male participants in the study, under ethics approval. Each 
donation was used to perform an individual experiment (less one donor whose donation was used 
to perform two separate experiments), totalling 5 experiments from 4 different donors. Whole 
Blood is composed of white blood cells (composed of monocytes, T-cells and B lymphocyte cells 
(hitherto, B-cells)), red blood cells and platelets. 
WBCs were separated from whole blood by mixing 2ml of whole blood with 2ml of phosphate 
buffered saline (PBS) layered over 3ml of Ficcol-paque. The sample was centrifuged at 1850rpm 
for 40 minutes. This resulted in the separation of T- cells, B-cells and monocytes (hitherto, WBC2) 
from the rest of the solution as seen in Figure 57. 
 
Figure 57 Centrifuged whole blood separation 
The WBC2 sample was then removed and suspended in DEP medium in preparation for the SS 
separation experiment.  
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The DEP medium consisted of DI water mixed with sucrose and dextrose at 8.5/0.3%. Conductivity 
was adjusted with phosphate buffer saline (PBS) to 10mS/m. The DEP medium conductivity was 
selected such that the work might make use of the cross-over frequencies reported in literature due 
to the time constraint otherwise a lower DEP medium conductivity would have been chosen in 
order to maximise the separating force.  
5.1.2.2 SS T-cell separation procedure 
The SS experiment setup was as described in chapter 3. The syringe separator was loaded with the 
sample medium, connected to a signal generator and set into a syringe pump. 
All experiment field conditions were set to 58kHz and the measured voltages were in the range of 
4-5Vpp. The field frequency was selected based on the reported cross-over frequencies of Yang et 
al, 1999 the graph of which can be seen in Figure 58.  
 
Figure 58 Yang et al. 1999's simulated frequency dependencies: From left to right Monocytes (dark 
circle), Granulocytes (clear circle), B lymphocytes (dark triangle) and T lymphocytes (clear triangle) 
[78] 
The graph shows that between values of about 54kHz and 65kHz T-cells experience a slight 
negative DEP while the others experience positive DEP. Therefore a value in between was chosen 
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in order to select exclusively for T-cells. This would allow T-cells to pass through the device and 
collect in the “Passed Through” receptacle while all other non T-cells would experience a positive 
DEP force causing them to be captured within the device and collected during the wash stage only 
after the entire sample had already passed through the SS. The captured cells would be collected in 
the “Recovered” receptacle. 
In all experiments the sample concentration was about 1M cells/ml at a volume of 7-10ml. The 
experiment was conducted at a rate of 0.5ml/min and both “Passed Through” and “Recovered” 
samples were collected. Both single and two-pass separation protocols (as described in chapter 3) 
were used. When a two-pass protocol is used, the “Passed Through” sample was re-fed into the SS 
for the second pass resulting in “Passed Through II” and “Recovered II” samples. In two of the five 
experiments conducted, the collected samples were also counted using a haemocytometer and their 
volumes measured. All experiment samples were analysed using a FACS Canto in order to ascertain 
the contents of the samples thereby establishing the results of the SS process.    
5.1.2.3 Results verification: FACS analysis 
Once the SS T-cell separation process was conducted, the contents of the samples needed to be 
verified in order to evaluate the SS separation. This involved staining the samples with CD3+ T-
cell antibodies. The antibodies bind to T-cells exclusively. Under FACS analysis, each cell was 
interrogated by a light, gathering information on cell size, granularity and antibody presence. The 
software then translated this information onto a dot plot for each cell allowing a comparison of the 
relative proportions of cells that did and did not exhibit staining i.e. the relative proportion of T-
cells to non T-cells. 
Staining procedure: Each sample was centrifuged at 1600rpm for 5 mins and re-suspended in 100 
microlitres FACS buffer medium which was mixed with 5 microlitres of the staining medium. The 
samples were then left on ice in a dark room for 30minutes. Each sample was then topped up with 
500microlitres of FACS buffer medium and centrifuged at 1600rpm for 5minutes before 
resuspension in 0.5ml of FACS buffer medium. 
The stain used during this experiment was initially a FITC CD3 marker and subsequently a PerCP-
Cy™5.5 Mouse Anti-Human CD3 (both from BD biosciences). Both stains are designed to bind 
exclusively to T-cells. The only difference was the associated fluorescent light which would be 
Syringe Separator applications   T-cell isolation 
154 
emitted to excite the antibody, this was accounted for by selecting the corresponding stain on the 
software. The change in stains was based on availability.  
FACS Analysis: Once the samples were ready for FACS analysis, they were transferred into FACS 
tubes and set into the FACS machine one at a time. The FACS machine analysed each cell one at a 
time interrogating with a beam of light and recording both fluorescence as well as scattered light. 
When the FACS beam interrogates each cell absorbs some of the energy and emits it as fluorescence 
of different intensities depending on the cell in question. Staining attaches or tags a fluorescent dye 
or antibody to a specific cell type allowing FACS analysis to identify the tagged cells through their 
fluorescent emissions. In a mixture of subpopulations, different fluorescent dyes can be used to 
distinguish separate subpopulations. FACS analysis also collects information on light scattered by 
each cell. Forward-scattered light (FSC) is proportional to cell surface area or size. Side-scattered 
light (SSC) is proportional to cell granularity. With the fluorescence alongside the FSC and SSC 
data, the FACS software is able to plot the cells onto dot plots which allow users to identify which 
cells are present in a sample and their relative percentages. 
Figure 59 shows an example of the two dot graphs that can be generated. Graph A plots the side 
scattered light received against the forwards scattered light while graph B plots the side scattered 
light vs the intensity of the fluorescent emission.  
 
Figure 59 example FACS generated dot plots with labelled low value data debris (D) FACS software 
drawn gates of cell clusters labelled A, B and C 
During the experiments, each plot was labelled with the letters A, B and C representing three 
distinct zones in which cells were observed. An example is provided in Figure 59. Zone or “Gate” 
C was drawn to include the high fluorescence intensity area of Figure 59 graph B, thereby defining 
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the stained cells. Two main clusters of cells were seen in graph A, the clusters were gated and 
labelled A and B. Gating on FACS software assigns a random but unique colour to the dots such 
that the data may be traced in other plot representations. Based on the colour code, it was observed 
that the dots of gate C were a subset of gate B (both blue in this case). Gate C cells could only be 
T-cells (based on the used stain), therefore gate B must contain T-cells. T and B cells are very 
similar in size and complexity therefore it was deduced that gate B also contained B-cells. This 
meant that gate A contained the remaining WBC2 cells, monocytes. 
The FACS analysis of the SS separation experiment samples thus identify the cells within the 
samples and their relative proportions, allowing us to evaluate the SS T-cell separation process. 
5.1.3 Results 
There were four unique donors. Each donation was used to conduct one experiment with the 
exception of the fourth donation which was used to perform two experiments resulting in five 
experiments in total. The results of each SS experiment are presented as FACS generated dot plots. 
Two dot plots are presented: side scatter vs forward scatter (henceforth, plot x) and side scatter vs 
fluorescent light intensity, with the aforementioned labelling of A, B, and C representing 
monocytes, (T and B) lymphocytes, and T-cells.     
Experiment 1 
Conditions: 5ml of 0.6million WBC2/ml; Single pass protocol;  
Separation rate of 0.5ml/min; Field settings 58kHz and 4.6Vpp.  
The following samples were collected and prepared for FACS analysis: 
1. An unstained sample of the unseparated WBC2s pre-SS 
2. A stained sample of the unseparated WBC2s pre-SS 
3. ‘’Passed Through’’ sample - Putative T-cells 
4. ‘’Recovered’’ sample - Putative B-cells + monocytes 
The FACS generated dot plot are presented below: 
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Figure 60 Unstained unseparated WBC2s 
The first FACS reading was of the prepared sample of WBC2s prior to SS separation. The sample 
has not undergone the staining procedure. This is done in order to observe any background 
fluorescence that may interfere with future readings. 
 
Figure 61 Stained unseparated WBC2s 
The second FACS reading collected was that of a stained sample of WBC2s pre-SS separation. 
This measurement is taken in order to set a baseline for the ratio of T-cells to other WBC2s within 
the sample prior to SS separation.  
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Figure 62 Stained 1st pass putative WBC2 stripped of T-cells (non T-cells) 
Figure 62 shows the result of FACS analysis of the “Recovered” cells in the SS separation, the 
putative non T-cells.  
 
Figure 63 Stained 1st pass putative separated T-cells 
Figure 63 shows the results of the “Passed Through” sample of the SS separation experiment, the 
putative T-cells.  
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Figure 64 Histogram representation of the samples: (A) showing the stained and unseparated WBC2, 
(B) showing the stained and separated T-cells 1st pass and C showing the stained and separated 
WBC2 less T-cells (non-Tcells) 
A histogram representation of the fluorescent emission intensity of the samples was compiled in 
Figure 64: (A) corresponds to the unseparated pre-SS sample (B) the “Passed Through” sample or 
putative T-cells and (C) the “Recovered” sample or putative non T-cells. Looking at part (A) two 
bell curves can be seen, the first bigger than the other, on the lower end of the fluorescence emission 
intensity axis, these are the number of cells that were not tagged by the fluorescent dye and therefore 
are not T-cells. The second smaller bell curve lies further up on the x-axis, representing the number 
of cells that were tagged and therefore are T-cells. Part (A) shows a mix of both non T-cells and T-
cells with the former making up a larger proportion representing the unseparated pre-SS experiment 
sample. Part (B) is similar if with slightly smaller curve heights.  Part (C) represents the 
“Recovered” sample, the positive DEP population, with almost only the former bell curve in place 
and the second greatly diminished. 
Experiment 2 
Conditions: 8ml of 0.5 million WBC2/ml; Two pass protocol;  
Separation rate of 0.5ml/min; Field settings 58kHz and 4.2Vpp.  
The following samples were collected and prepared for FACS analysis: 
1.  A stained sample of the unseparated WBC2s pre-SS 
2. “Recovered I” from pass 1- Putative B-cells + monocytes (non T-cells) 
5. “Passed Through II” from pass 2- Putative T-cells 
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6. “Recovered II” from pass 2- Putative B-cells + Monocytes (non T-cells) 
 
Figure 65 Stained unseparated WBC2  
Figure 65 shows the FACS data from the stained and unseparated WBC2 sample pre-SS. A table 
of event counts (cells observed or dots plotted) is also presented. Region A has registered 1332 
events (P4 in the table), region B 864 events (P1) and region C 615 (P3). 
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Figure 66 Stained 1st pass putative WBC2 stripped of T-cells (non T-cells) 
Figure 66 shows the FACS analysis of the 1st pass “Recovered” sample, the putative non T-cells. 
A table of events is also presented: Region A recorded 3735 events (P4 on the table), region B 194 
events (P1 on the table) and region C 104 events (P2 on the table).  
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Figure 67 Stained 2nd pass putative WBC2 stripped of T-cells (non T-cells) 
Figure 67 shows the FACS analysis of the 1st pass “Recovered” sample, the putative non T-cells. 
A table of events is also presented: Region A recorded 4068 events (P4 on the table), region B 227 
events (P1 on the table) and region C 144 events (P2 on the table).  
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Figure 68 Stained 2nd pass putative separated T-cells 
Figure 68 shows the FACS analysis of the 2nd pass “Passed Through” cells, the putative T-cells. A 
table is also presented showing region A with 1240 events (P4 on the table), region B with 553 
events (P1 on the table) and region C with 448 events.  
Donor 2 Percentage of Monocytes and 
B-lymphocytes to total WBCs 
Unseparated WBC2s 72% 
Pass 1 Putative WBC2 less T-cells 
(non T-cells) 
97.40% 
Pass 2 Putative WBC2 less T-cells 
(non T-cells) 
96.60% 
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Pass 2 Putative Separated T-cells 65.80% 
Table 23 Percentage of monocytes and B lymphocytes to T lymphocytes throughout the experiment 
A numerical analysis of the recorded events of all samples is compiled in Table 23. The initial 
sample contained 72% non T-cells, the 1st and 2nd pass of “Recovered” cells were comprised of 
almost exclusively non T-cells and 2nd pass ‘’Passed Through’’ sample of T-cells contains 65.8% 
non T-cells. 
Experiment 3 
Conditions: 10ml of 0.49 million WBC2/ml; 3 pass protocol; 
Separation rate of 0.5ml/min; Field settings of 58kHz and 4.2Vpp.  
The following samples were collected and prepared for FACS analysis: 
1. A stained sample of the unseparated WBCs pre-SS 
2. “Passed Through I” from pass 1 – Putative T-cells  
3. “Recovered I” from pass 1- Putative B-cells + monocytes 
4. “Passed Through II” from pass 2- Putative T-cells 
5. “Recovered II” from pass 2- Putative B-cells + monocytes 
6. “Passed Through III” from pass 3- Putative T-cells. 
7. “Recovered III” from pass 3- Putative B-cells + monocytes 
Syringe Separator applications   T-cell isolation 
164 
 
Figure 69 Stained unseparated WBC2s 
Figure 69 shows the results of the FACS analysis of the stained and unseparated starting sample of 
WBCs pre-SS separation, establishing a baseline. As always, area A contained the monocytes, B 
the lymphocytes (both B and T) and C the T-lymphocytes (T-cells). 
 
 
Figure 70 Stained 1st pass putative WBC2s stripped of T-cells (non-T-cells) 
Figure 70 presents the FACS analysis generated dot plots of the 1st pass “Recovered” cells, the 
putative non T-cells. 
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Figure 71 Stained 2nd pass putative WBC2s stripped of T-cells (non T-cells) 
Figure 71 presents the FACS analysis generated dot plots of the 2nd pass “Recovered” cells, the 
putative non T-cells. 
 
Figure 72 Stained 3rd pass putative WBC2s stripped of T-cells (non T-cells) 
Figure 72 presents the FACS analysis generated dot plots of the 3rd pass “Recovered” cells, the 
putative non T-cells. 
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Figure 73 Stained 1st pass putative separated T-cells 
 
Figure 74 Stained 2nd pass putative separated T-cells 
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Figure 75 Stained 3rd pass putative separated T-cells 
Figure 73, Figure 74, and Figure 75 show the FACS data associated with the stained and separated 
“Passed Through” cells, the putative T-cells of pass 1, 2 and 3 respectively.  
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Donor 3: 10ml sample 
58kHz 5.4Vp 
Total Number of Cells 
(Million Cells) 
Unseparated WBC2s 4.9 
Pass 1 Putative T-cells 2.78 
Pass 1 Putative WBC2s less 
T-cells 
0.53 
Pass 2 Putative T-cells 1.5 
Pass 2 Putative WBC2s less 
T-cells 
0.3 
Pass 3 Putative T-cells 0.77 
Pass 3 Putative WBC2s less 
T-cells 
0.13 
Table 24 Haemocytometer based cell counts of collected experiment samples 
Table 24 shows the number of cells counted in each sample. In the first pass 4.9M cells/ml enter 
the SS, 2.78M cells/ml exit in the “Passed Through” sample while 0.53M cells/ml are washed out 
in the “Recovered” sample. The “Recovered” sample consists of cells that were captured within the 
SS device during the separation experiment. These captured cells comprised 10.8% of the total 
available cells. Similarly during pass 2 and pass 3, 10.8% and 8.67% of total incoming flow of cells 
were captured.  
Experiment 4 and 5 
Two single pass experiments were conducted with the sample obtained from donor 4 
Experiment 4 conditions: 5ml of 1.5M WBC2s/ml suspended in DEP medium at about 1mS/m; 
Separation rate of 0.5ml/min; Field settings of 70kHz and 9.4Vpp 
Experiment 5 conditions: 5ml of 1.5M WBC2s/ml suspended in DEP medium at about 1mS/m; 
Separation rate of 0.5ml/min; Field settings of 100kHz and 8.6Vpp 
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The following samples were collected and prepared for FACS analysis: 
1. An unstained sample of the unseparated WBC2s pre-SS 
2. A stained sample of the unseparated WBC2s pre-SS 
2. “Passed Through” at 70kHz- Putative T-cells  
3. “Recovered” at 70kHz- Putative B-cells + monocytes 
4. “Passed Through” at 100kHz- Putative T-cells 
5. “Recovered” at 100kHz- Putative B-cells + monocytes 
 
Figure 76 Unstained unseparated WBC2s 
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Figure 77 Stained unseparated WBC2s  
Figure 76 is the unstained unseparated WBC2s’ FACS generated data and Figure 77 shows the dot 
plots of the stained and unseparated WBC2 sample pre-SS separation. 
 
Figure 78 Stained 1st pass putative WBC2s stripped of T-cells at 70kHz (non T-cells) 
Figure 78 shows the graphs associated with the “Recovered” cells, the putative non T-cells.  
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Figure 79 Stained 1st pass putative separated T-cells at 70kHz 
Figure 79 shows the graphs associated with the ‘’Passed Through’’ sample, putative T-cells. 
5ml 70kHz 9.4Vpp Total Number of Cells 
 (Million Cells) 
Unseparated WBC2s 1.5 
Pass 1 Putative T cells 1 
Pass 1 Putative WBC2 less T 
cells (non T-cells) 
0.256 
Table 25 Haemocytometer based cell counts of the 70kHz experiment 
Table 25 shows the cell counts of each collected sample. The number of captured cells is at 17.1% 
of the total available cells. 
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Figure 80 Stained putative separated T-cells at 100kHz 
 
Figure 81 Stained putative WBC2s stripped of T-cells at 100kHz (non T-cells) 
Figure 80 and Figure 81 show the FACS generated dot plots of the T-cell and non T-cell samples 
respectively, at 100kHz. Table 26 shows the cell counts of each experiment sample. 
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Donor 4: 5ml 100kHz 8.6Vpp Total Number of 
Cells (Million Cells) 
Unseparated WBC2s 1.5 
Pass 1 Putative T cells 1.01 
Pass 1 Putative WBC2 less T cells (non T-cells) 0.39 
Table 26 Haemocytometer based cell counts of the 100kHz experiment 
5.1.4 Discussion 
FACS analysis included analysis of unstained and unseparated WBCs. In all cases no cells were 
recorded within region C suggesting that results would not be contaminated by background 
fluorescence. Furthermore stained unseparated (pre-SS) cell samples were also analysed. T-cells 
were recorded in region C in these cases. FACS analysis did not provide absolute but relative cell 
counts. Based on the tabulated events, the initial samples comprised of 28% T-cells, establishing a 
baseline for the T-cell isolation experiments. A flowchart of the T-cell isolation procedure is 
provided in Figure 82. 
 
Figure 82 T-cell isolation flowchart 
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Bearing in mind FACS analysis shows relative amounts of each subpopulation, comparison of 
Recovered sample FACS generated plots to initial sample plots, showed a significant change in 
relative subpopulation proportions. This was evident throughout all experiments and passes. A 
comparison of the baseline set by Figure 61 and the ensuing Recovered sample in Figure 62 
illustrates the point. The ratio of recorded events in region A to those of region C (ratio of 
monocytes to T-cells) is far higher in the latter figure than the former, suggesting that T-cells were 
made scarce in the Recovered sample, as per the model displayed in Figure 82. This information is 
further compounded by the tabulated events, measuring above 95% non T-cells in Recovered 
samples across all experiments. As an example, Figure 66 shows the first pass of Recovered cells 
and the tabulated events. The events stated the proportion of T-cells found in Region C (P2 on the 
inset table), those of the monocytes (region A) and lymphocytes (T and B cells found in region B). 
Based on this information, the Recovered sample was calculated to contain 95% monocytes, 4.9% 
lymphocytes and 2.6% T-cells, otherwise stated as 97.4% non T-cells. Based on these experimental 
findings it becomes clear the SS is consistently pulling non T-cells out of the stream with very high 
specificity.  
Analysis of the Passed Through samples showed a relatively unchanged proportion of T-cells and 
non T-cells. These findings were consistent across all experiments and passes. The generated 
histograms of Figure 64 for example show, in part (A), an initial mix of both non T-cells and T-
cells as represented by the two peaks, respectively. Part (C) shows the Recovered sample composed 
of almost exclusively non T-cells, while part (B) shows a practically unchanged histogram as 
compared to the initial sample. It was earlier established the SS was removing non T-cells almost 
exclusively from the stream, yet the resulting stream appeared to be no more or less T-cell rich. 
As the FACS data did not provide any absolute numbers, samples were counted using a 
haemocytometer. Considering Table 24, 4.9M WBC2s were fed through the SS which captured 
0.53M cells during the first pass. This constituted 10.8% of the total available input cells. This 
suggests that one SS pass removed about 10.8% of the non T-cells, an amount too low to make a 
significant difference in the resulting Passed Through stream over two passes. Restated, the SS was 
successfully targeting and pulling non T-cells out of the stream with high specificity however it did 
not do so in large enough numbers to make an impact on the resulting stream’s relative cell 
subpopulation proportions.                  
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Several explanation can be offered to account for the low recovery. Recorded experiment voltages 
were on average at about 5Vpp, a value 3 times lower than those set during SS validation 
experiments in chapter 3. DEP force is the main proponent of high recovery and varies 
proportionally to the square of the applied voltage. One method of increasing voltage is decreasing 
the resistance across which it is applied i.e. the sample medium conductivity. The sample 
conductivity used in these experiments was 10mS/m. It was selected such that the work might make 
use of published cross-over frequencies required for DEP separation, values relied upon solely to 
compensate for the brevity of the study. With additional future work the experiment would have 
conducted cross-over frequency experiments of the sample constituents in medium conductivities 
up to 10 times lower, significantly increasing the applied voltage, DEP force and therefore T-cell 
isolation. Experiments 4 and 5 used lower medium conductivity media which resulted in a rise in 
observed voltage. T-cell isolation was not achieved because the experiments were conducted with 
no knowledge of the cross-over frequencies at the new media conductivity and served mainly as an 
exploratory experiment. The resultant voltage was still lower than conventionally recorded.   
It was worth noting the SS was due for repairs at the time of this study and was not functioning 
optimally, hindered by interrupted fluid flow and electric connectivity. It is plausible captured cells, 
perturbed by inconsistencies of both electric and fluid flow were re-released into the stream thus 
impeding T-cell isolation. Electrical resistance could also have been affected due to the compromise 
which might explain the persistently low recorded voltages. Due to the brevity and urgency of the 
external study, SS repairs could not be performed however the opportunity was too tempting to 
pass on altogether.  
Finally, it is considered good practise to use dyes for all subpopulations involved in FACS analysis. 
For example monocytes are generally larger and more complex than lymphocytes, resulting in 
higher SSC and FSC values, however in these experiments, the cells identified as monocytes were 
smaller with regards to both attributes [85]. Through staining practises would provide more insight 
and perhaps a fresh perspective on experiment results. 
Despite the challenges and shortcomings, this study conclusively shows that the SS was able to 
consistently discriminate between T-cells and non T-cells with above 96% specificity at high 
throughputs. Measures have also been outlined to achieve T-cell isolation with high recovery within 
a reasonable time frame, some of which were identified prior to the study.    
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5.1.5 Conclusion  
The results show conclusively that the Syringe Separator (SS) is capable of removing exclusively 
non T-cells from a stream, and therefore capable of enriching and separating T-cells. The purpose 
of this study was to assess the feasibility of using the SS to separate T-cells from WBCs for the 
purposes of CAR-T therapy. The result showed that the SS was able to consistently trap non T-cells 
pulling them out of the incoming stream of cells with purity of up to 97.4%, demonstrating that T-
cell enrichment is possible at conditions of 58 kHz, 0.5 ml/min and 10ms/m. However a number of 
solvable constraints hindered the SS from optimal performance.  
The main limitation was the low field voltage, set at about 66% less than conventional working 
conditions this resulted in a proportionally lower DEP field strength which in turn resulted in a 
narrower DEP well penetration. This meant that a lower number of cells were affected by the 
positive DEP and pulled out of the stream. Recovered cells were as low as 8.6% of the total input 
cells when typically SS performance sets that value at about 70%. 
The low field voltage was mainly a result of employing a medium conductivity 10x higher than 
those used under conventional and optimal SS conditions, thus reducing the voltage and 
significantly dropping the DEP force. These sub-optimal operating conditions were adopted based 
on a reliance on literature, a choice made given the limited time of the study. The voltage can be 
increased by independently characterising the separation at lower conductivities. These changes 
would increase the voltage by about a factor of 4. Additionally the SS was in need of repairs which 
might have likely caused disruptions to the separation process. The SS repairs and the increase in 
field voltage is expected to increase the SS efficacy to >90% similar to the achieved performance 
documented in the SS chapter. 
5.2 Nanowires 
This application was a joint endeavour by the Advanced Technology Institute and the Biomedical 
Engineering Department of the University of Surrey. The project involved using the Syringe 
Separator to process a mixture of high and low quality nanowires subpopulations to produce a 
homogeneous sample of high quality nanowires.  
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5.2.1 Introduction 
Nanowires are strong and versatile in their application. They have applications in energy, such as 
creating solar cells; applications in the environment, such as electrified filters killing waterborne 
bacteria, or nanowire mats absorbing oil spills; and application in electronics, creating more flexible 
and compact electrodes, transistors and sensors. 
The most common method for nanowire synthesis is termed the vapour-liquid-solid method. 
Nanowires are grown through chemical vapour deposition (CVD), a highly controllable method 
which results in high quality and uniform nanowires. A second method for nanowire synthesis is 
the solution-phase synthesis which grows nanowires using a supercritical fluid-liquid-solid (SFLS) 
method. This results in nanowires of varying quality however the advantage of this method is its 
scalability. The former method grows grams of nanowires per day while the latter can grow 
kilograms of nanowires per day. Therefore the choice that is offered is between having a small 
quantity of high quality nanowires or a very large quantity of a mixture of both high and low quality 
nanowires.  
The purpose of this study was to apply the Syringe Separator to the mixture of high and low quality 
nanowires in order to separate and produce a solution of exclusively high quality nanowires. This 
would render the aforementioned choice moot, offering solely high quality nanowires in large 
quantities.  
5.2.2 Materials and methods 
5.2.2.1 Sample preparation 
Silicon Nanowires (NW) were synthesised by SFLS using monophenylsilane and Au seed 
nanoparticles with toluene precursor solution. The NWs were dispersed in a ratio of 1:50 toluene 
and N,N-dimethylformamide (DMF). Two samples were made with which to experiment. In the 
first, 50 microlitres of the original solution of NWs was suspended in Anisole at a ratio of 1 to 200. 
The second sample was made by suspending 40 microlitres of the initial solution with 3ml of DMF.  
Anisole was used as the first suspension medium because of the ease with which nanowires can be 
dispersed within it. A DMF dilution was used in the second sample as nanowires were harder to 
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suspend in straight DMF and DMF has a permittivity 7 times higher than that of Anisole which will 
translate to a DEP force 7x higher, which would improve separation.  
5.2.2.2 Experiment setup 
The NW suspension media were corrosive and thus could not be fed through the Polymethyl 
methacrylate (PMMA) based Syringe Separator. Therefore a second Syringe Separator was 
constructed using research grade Polytetrafluoroethylene (PTFE) which would be unaffected by 
the NW suspension media. 
The experimental setup was a typical Syringe Separator setup, as seen in Figure 83. The Syringe 
Separator is loaded with the sample medium and fitted into an upright syringe pump (Razel). The 
electrical leads are connected to a (Aim-TTi TG120) function generator. The syringe pump and 
function generator are switched on and the passed through sample is collected in a vial throughout 
the experiment. Once the sample has passed through the device in its entirety, all appliances are 
switched off and the SS is washed with 3 ml of DMF to release the captured nanowires.  
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Figure 83 Syringe Separator setup 
Two experiments were carried out, the conditions of which are presented below: 
Experiment 1: A single pass SS experiment using prepared sample 1 at 19.5MHz, 10Vpp and 
0.178ml/min 
Experiment 2: A three pass SS experiment using prepared sample 2 at 19.5MHz, 10Vpp and 
0.0825ml/min 
The recovered sample (the sample recovered by washing the SS at the end of the experiment) is the 
sample that is re-fed into the SS for the second and third passes. High quality nanowires being very 
responsive to high DEP frequencies, the experiment was designed to capture high quality nanowires 
while allowing the low quality nanowires to pass through the SS and into the collection vial. A 
schematic of the three passes is presented in Figure 84.  
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Figure 84 Experiment 2 SS separation flowchart: each separation has two products, the “passed 
through” represented by the left product box (low quality NW) and the “recovered”, represented by 
the right product box (high quality NW) 
5.2.2.3 Results verification  
High quality nanowires are required to construct high quality transistors. One method of assessing 
a transistor’s performance is by measuring its subthreshold swing value (s-s), defined by the voltage 
required to increase the current by 1 decade. Devices with lower s-s values are of better quality. 
Once the SS separation was conducted, the samples were then used to make transistors using 
prefabricated gold based electrodes at 1kHz and 10Vpp, and their s-s values measured.   
5.2.3 Results 
Each separated sample can be used to make many transistor devices. The results are presented as 
graphs of devices against their s-s values, a lower s-s value indicating a better quality device. 
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Experiment 1:  
 
Figure 85 S-s results of devices from experiment 1: Low quality NWs refer to the “passed through” 
sample of putatively “low quality”, high quality NWs refer to the "recovered" sample of putatively 
"high quality" separated NWs 
In experiment 1, the post separation “passed through” sample well as the post separation 
“recovered” sample were used to make 14 devices each. The s-s values were then measured and 
plotted against the device number. Figure 85 shows the results. 
Experiment 2: 
All following graphs are titled with reference to Figure 84 for easier reading. The samples used for 
results verification in this experiment were the 3rd separation pass High Quality (HQ), the 3rd 
separation pass Low Quality (LQ) and the 1st separation pass Low Quality (LQ).  
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Figure 86 experiment 2 results: 4 devices were made using the "passed through" sample (LQ) and 
the "recovered" sample (HQ) of the 3rd separation pass. Their s-s values were measured and plotted 
against the device number 
Figure 86 shows the s-s values of the devices made using the “passed through” and “recovered” 
samples of the 3rd and final separation pass, (LQ and HQ respectively). While  shows the results of 
the 3rd separation pass’s “recovered” sample vs the 1st separation pass’s “passed through” sample 
(LQ). 
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Figure 87 experiment 2 results: 8 devices were made for each of the "passed through" sample (LQ) 
of the 1st separation pass and the "recovered" sample (HQ) of the 3rd separation pass. Their s-s 
values were measured and plotted against the device number 
5.2.4 Discussion 
Experiment 1: Figure 85 shows two plots, the black squares denote the devices made from the NW 
samples of the “passed through” sample (putatively mostly the low quality NWs) while the red 
circles represent the devices made using the “recovered” sample (putatively mostly high quality 
NWs). Higher quality nanowires result in devices with lower s-s values. Averages of the s-s values 
across the 14 devices gave a result of about 3.15V/dec for the separated low quality NWs and an s-
s value of about 3.2V/dec for the separated high quality NWs. It appears as though there is no 
difference in the quality of devices produced from either product of the Syringe Separator 
separation process. 
The apparent lack of separation could be due to several reasons. It is possible that the low 
permittivity of Anisole reduced the DEP force to a value too low to enforce separation. 
Alternatively the initial NW solution that was provided for processing could have been too 
confluent to begin with and further separation passes would be necessary before effects manifest. 
Syringe Separator applications   Nanowires 
184 
However this experiment was only conducted once and therefore is not enough to form a reliable 
conclusion.  
Instead of repeating the experiment an alternative experiment was performed with 3 passes to 
account for confluency, a lower flow rate and a starting sample mixed with DMF to aid in increasing 
the DEP force and the time in which it could exert influence over the NWs. 
Experiment 2: The first set of results of experiment 2 are plotted on Figure 86. It plots both 
products of the 3rd Separation pass: the putative low quality NW “passed through” sample (red 
circles) and the putative high quality NW “recovered” sample (in black squares). Four devices were 
made from each sample.  
Considering the putative low quality NWs, three of the four devices yielded s-s values above 
5V/dec while one of the four measured at 2.5V/dec. This can arguably be considered as yielding 
three low quality devices and one high quality device in every four.  
Considering the putative high quality NWs, three of the four devices yielded s-s values below 
3.75V/dec while one of the four measured at 5V/dec. This can arguably be considered as yielding 
three high quality devices and one low quality device in every four. The opposite of its counter-
product suggesting that the Syringe Separator was able to influence the high quality NWs to remain 
within the Syringe Separator to be recovered post experiment while the low quality NWs passed 
through. Furthermore the results suggest that 3 SS passes result in 75% high quality NWs wherein 
initially it might have been as low as 20%. 
Both the putative high and low quality came from the same initial sample pre-3rd pass separation 
i.e. it would be reasonable to suggest that the sample entering the Syringe Separator before the 3rd 
pass must have contained a mixture of high and low quality NWs that would have yielded an 
aggregate of four low quality devices and four high quality devices i.e. a high to low quality NW 
ratio of 1. It then follows that the transition between the 2nd and 3rd SS separation pass resulted in 
an increase from 50% high quality NWs to 75% high quality NWs. It could be forecast that a 4th 
pass would increase the high quality NW ratio further and closer to 100%.    
Figure 87 plots the “recovered” sample of the 3rd separation pass as well, the putative high quality 
NWs (shown as black squares) as well as the “passed through” sample of the 1st separation pass, 
putative mostly low quality NWs (shown as red circles). 8 devices were made using each sample.  
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Considering the 3rd pass high quality NWs, they gave 6 devices with low s-s values below 3.8V/dec 
while 2 were at about 5V/dec. suggesting that for every 2 low quality devices, 6 high quality devices 
were made, a success rate of 75%. This value is consistent with that found under the previous 
analysis using the same sample in which 4 devices were made (Figure 86). This does not provide a 
repeat of the separation experiment but it does provide a repeat of the device fabrication stage 
lending more weight to the measured 75% high quality NWs. 
Considering the 1st separation pass low quality NWs, there is great variation between the s-s values 
across the 8 devices. When compared against the more closely clustered s-s values of the 3rd pass 
high quality NWs in both in Figure 86 and Figure 87, the disarray is strongly indicative of a greater 
mixture of low and high quality NWs. i.e. results obtained from the 1st pass separations are closer 
to a 1 ratio between low and high quality NWs while those of the 3rd pass are close to being 
homogeneous solutions of exclusively high or low quality NWs. 
It should be noted that NW quality is not binary but lies within a range. When making transistors, 
more than one NW is used to make a device. Therefore it is reasonable to say that a sample in which 
the NWs lie spread out over the ranges of high, medium and low quality would result in a wide 
range of s-s values of their devices whereas a sample that is composed of NWs of mostly the same 
quality would result in very close s-s values. The former is the case in the results seen under the 1st 
pass product, while the latter is observed under the results of both 3rd pass products. This 
demonstrates that the Syringe Separator process can affect and separate NWs bringing uniformity 
to the samples, one uniform sample of low quality NWs and one uniform sample of high quality 
NWs. 
Furthermore in terms of high and low quality NWs, the 1st pass LQ sample created two high quality 
devices with low s-s values out of 8 devices, a 25% chance. The 3rd pass high quality NWs offered 
a 75% chance, a 3 fold increase. To reiterate, the 3-pass Syringe Separator process has arguably 
been able to enrich the concentration of high quality nanowires by 300%.  
It should be noted that this experiment was performed only once due to the brevity of the study. A 
thorough project would entail repetitions and tuning and testing for the ideal separation parameters 
such as flow rate, separation media, frequency, number of passes. The results shown thus far offer 
only an indication of what the separation process could achieve not the extent of what it can achieve.  
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5.3 Conclusion and future work 
The Syringe Separator (SS) was designed to perform separations though mostly cellular, it can also 
separate similarly sized elements. It can be used independently for filtration or detection purposes 
as well as a facilitator, separating elements for later processing, which makes it a very exciting tool 
with the potential to propel a great many fields and applications. Two such applications were 
presented in this chapter. The first was T-cell separation for CAR-T therapy and the second was 
high quality Nanowire separation. 
During the T-cell separation experiments, the SS was able to consistently separate non T-cells from 
the stream with 97.4% separation efficiency which allowing T-cells to be collected in a separate 
receptacle. If non T-cells are being pulled out of the stream while T-cells are not, this should result 
in a complete separation of T-cells and non T-cells. However there was no time to perform needed 
SS repairs which resulted in reduced separation power. This reduced power meant that although 
the SS was pulling non-T cells out of solution, it was not doing it in large enough quantities to 
obtain a homogeneous T-cell sample. This could be remedied by performing more SS passes or 
more practically by remedying the power loss. This work has laid out the foundation of the 
separation process which has demonstrated the SS’s ability to separate out almost exclusively non-
T-cells, which would result in T-cell isolation. It is the strong recommendation of this work that 
the experiments be repeated with the repaired SS.  
The second application presented in this chapter is high quality NW separation. The work was 
conducted to investigate whether the Syringe Separator would be able to influence NWs of high 
and low quality and select for one over the other. Time allowed for only two experiments to be 
conducted however they clearly established that the SS was able to differentiate and capture the 
high quality nanowires. A three pass solution achieved a 300% increase in high quality nanowires 
with a 75% chance of creating a high quality transistor. These results were achieved after just one 
experimental run in which the operating conditions were set by means of educated guesses. It is the 
strong recommendation of this work that it be continued wherein the parameters of fluid flow, 
frequency and medium are adjusted and optimised to further purify the high quality nanowires and 
replacing chances of creating high quality transistors with assurances. 
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The Syringe Separator is a novel DEP based enrichment and separation device. It was carefully 
built and trained on cellular data. The two applications presented in this chapter endeavoured to 
achieve something hitherto unestablished. As with all new ideas, science and engineering start with 
a hypothesis, followed by experimentation. In both applications the SS’s exploratory 
experimentation results confirm its ability to influence the homogeneity of the output falling short 
of delivering a homogeneous solution. This does not mean that the SS cannot achieve separation, 
rather that the exploratory experiments provided the information necessary to achieve it in 
following optimisation experiments and within a sensible time frame. 
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Chapter 6  Conclusion 
6.1 Framing the problem 
Cell separation is a fundamental process in biomedicine. The most widely used cell separation 
methods are FACS, MACS and density gradient centrifugation. The first two methods provide 
high cell specificity using labels however they offer low throughput, are very expensive and 
require extensive training. The third is label-free, but offers low purity, yield and cannot separate 
cells that have similar density and size. Making cell separation devices affordable, easy to use, 
high throughput, label free and high specificity would accelerate progress in all serviced fields.  
Consulting the literature review, DEP technology offered a promising tool with which to overcome 
some of the challenges conventional separators face. Therefore two DEP based cell separators 
were designed, built and tested: The Syringe Separator (SS) and the Canyons.  
6.2 The SS 
The SS, uses a low cost disposable 3D well chip, through which cells are flowed perpendicular to 
the generated DEP field. Positive DEP populations are trapped while negative DEP populations 
are allowed to pass through to the exit. The DEP field can then be removed, releasing previously 
captured cells achieving separation. The SS was able to separate cells at 1ml/min with recovery 
and purity values above 96%. The SS is the first cell separator device to achieve high throughputs 
of 1ml/min alongside levels of purity and separation on par with gold standard separation 
techniques such as FACS. In addition to unprecedented performance values, the SS is handheld, 
portable, cheap, easy to use, and potentially able to separate any subpopulation of particles not 
just biological cells. 
The SS resulted in a proceedings of the national academy of sciences (PNAS) paper as well as 
incurring much interest from both internal and external applications. Two such applications were 
taken on and proof of principle was established: The separation of high quality nanowires from a 
mixture of high and low quality nanowires (an unprecedented achievement) and the isolation of 
CD3+ T-cells from WBCs for CAR-T therapy. Additionally a third application was also accepted, 
separation of stem cells for Alzheimer’s treatment at the University of California, Irvine, however 
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work did not commence due to travel limitations. We are confident that the SS would have also 
delivered on that challenge.    
6.3 The Canyons   
Two main Canyon designs were built. The first Canyon was called the Plotter-Canyon used a 
Plotter-Canyon to build alternating layers of metal foil and double adhesive film, a novel electrode 
fabrication. The second Canyon was called the Chip-Canyon and was built by drilling the Canyon 
geometry into low cost, disposable 3D DEP chips. In either case the sample solution was flowed 
through the Canyon, in parallel with the generated DEP field which would direct positive and 
negative DEP subpopulation to one of two corresponding outlets.  
The Canyon work carried out was intended to explore a new separator design as such it was 
concerned with building the foundation towards making a working Canyon design and identifying 
parameters with the potential for optimisation rather than separation optimisation itself. The 
Plotter-Canyon was able to achieve separation efficiency of 84% at a flow rate of 0.5ml/min. 
Microscopic investigation of the Canyons revealed that the DEP field was being hindered from 
fully penetrating the Canyon due to adhesive stretching. Simple solution have been suggested for 
next design iterations. The Chip-Canyon fabrication method resulted in severe electrical shortages 
which was suggested could be overcome by creating the Canyon channel during the initial 3D 
chip fabrication stage rather than post, offering a potentially powerful continuous separation tool. 
6.4 Limitations, future work 
The SS was built with an additional 3D chip slot which could be used in conjunction with the SS. 
It was never tested however the SS developers believe that additional slots could allow 
simultaneous targeting of multiple pure subpopulations, one per individually addressable slot. The 
developers also believe that the SS could be an automated process wherein users need only input 
the separation conditions. The developers also believe that the SS could be adapted to be fitted 
with sample cartridges which can be clicked into and out of the SS, reducing sample contamination 
risk and bringing the SS closer to standardised good manufacturing practises. 
The Canyon work was limited to creating a novel DEP separator as such not much time was 
devoted to optimising the separation process itself. This work having established a reliable 
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fabrication technique and a functioning cell separator future work would involve achieving the 
Canyon’s separation performance potential. The more prominent avenues involve optimising the 
number of layers per Canyon and channel width. Perhaps lower on the future work list, the 
developers are excited by the implementation of individually addressable sets of layers allowing 
simultaneous separation of multiple subpopulations. The Canyons can also be used in conjunction 
to other DEP electrodes overhead and underneath the chip adding further filtering of unwanted 
cells. A starfish electrode geometry could also be investigated designating one “limb” per sample 
subpopulations.    
6.5 Novel contributions 
The SS achieved unprecedented separation performance values resulting in the paper, “High-
throughput, low-loss, low-cost, and label-free cell separation using electrophysiology-activated 
cell enrichment” published with PNAS. The development of the SS novel 3D electrodes is a 
significant development achieving higher throughput DEP devices. Additionally the separation of 
high quality NWs from low quality NWs was never before attempted using DEP and the SS has 
reported to be capable of this separation.  
Furthermore the development of the Plotter-Canyon established the Plotter-Canyon DEP electrode 
fabrication as a valid technique offering a cheap, fast and very versatile tool for electrode 
fabrication. These novel contributions will hopefully offer further degrees of freedom to DEP 
based separators making them even stronger contenders to old established FACS, MACS and 
density gradient centrifugation techniques.
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